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PREFACE 


The  papers  contained  in  this  Proceedings  volume  were  presented  at  the  Second  Conference  on 
Earthquake  Hazards  in  the  Eastern  San  Francisco  Bay  Area,  held  March  25-29,  1992,  at  California  State 
University,  Hayward.  More  than  400  earth  scientists,  engineers,  and  planners  gathered  at  the  Second 
Conference  to  hear  and  see  88  oral  and  poster  papers  presented  during  the  meeting's  first  three  days. 

On  the  weekend  of  March  28  and  29  four  bus  loads  of  conference  participants  traveled  to  exemplary 
sites  of  active  faulting  along  the  southern  and  northern  Hayward  fault,  respectively.  The  field  trips  visited 
sites  of  paleoseismological  studies  at  Fremont's  Tule  Pond  and  Central  Park;  explored  the  abundant 
evidence  of  fault  creep  in  downtown  Hayward;  examined  traces  of  the  fault  near  the  CSU-Hayward 
campus  that  have  cut  a  side-hill  bench  and  offset  a  small  gully  above  Holy  Sepulchre  Cemetery;  visited 
the  famous  offset  curb  at  Prospect  Court  in  Hayward;  inspected  the  robust  evidence  of  fault  creep  in 
Montclair,  at  UC  Berkeley's  Memorial  Stadium,  and  at  Contra  Costa  College;  and  observed  the  fault 
scarp  at  Point  Pinole  where  paleoseismological  studies  were  performed  on  one  of  the  last  undeveloped 
parts  of  the  northern  Hayward  fault.  The  field  trip  guidebook,  which  includes  34  contributions  in  225 
pages,  summarizes,  describes,  and  illustrates  the  vast  amount  of  knowledge  gained  about  the  Hayward 
fault,  particularly  during  the  last  decade.  The  guidebook  is  based  on  the  new  USGS  map  and  guides  the 
reader  kilometer-by-kilometer  along  the  fault  to  hundreds  of  other  features  we  were  unable  to  visit  on  the 
conference  field  trips. 

Another  important  program  of  the  Second  Conference  was  a  special  non-technical  forum  for  the  Bay 
Area's  science  teachers,  elected  officials,  and  interested  citizens.  This  evening  forum,  which  attracted 
350  people,  featured  earthquake  science  exhibits  and  a  panel  presentation  by  scientists  who  shared  with 
the  audience  some  of  the  important  messages  about  earthquake  hazards  that  were  reported  at  technical 
sessions.  The  pamphlet  produced  for  that  forum  has  been  reprinted  at  the  end  of  this  volume. 

We  appreciate  the  great  effort  and  long  hours  spent  by  those  who  helped  organize  the  conference:  the 
Executive  Planning  Committee  of  Jon  Galehouse,  Sue  Hirschfeld,  Jim  Lienkaemper,  Patrick  McClellan, 
Alexis  Moiseyev,  and  John  Williams;  Program  Planning  Committee  of  Bill  Cotton,  Jon  Galehouse,  Sandy 
Hay,  Sue  Hirschfeld,  Jim  Lienkaemper,  Patrick  McClellan,  Jeanne  Perkins,  Chuck  Taylor,  Alan  Tryhorn, 
Susan  Tubbesing,  Tom  Vlasic,  John  Williams,  and  Ivan  Wong;  Field  Trip  Committee  of  Glenn  Borchardt, 
Jon  Galehouse,  Tim  Hall,  Jim  Lienkaemper,  Alexis  Moiseyev,  Chuck  Taylor,  and  Patrick  Williams; 
Budget  Committee  of  William  Bakun,  Jim  Lienkaemper,  and  Alexis  Moiseyev;  Publications  Committee  of 
Glenn  Borchardt,  Sue  Hirschfeld,  Jim  Lienkaemper,  Patrick  McClellan,  Patrick  Williams,  and  Ivan  Wong; 
Public  Forum  Committee  of  Patrick  McClellan,  William  Cotton,  Edward  Hay,  Sue  Hirschfeld,  Tom  Vlasic, 
and  John  Williams;  Poster  Session  Coordinator,  Ivan  Wong;  Local  Arrangements  Coordinator,  Sue 
Hirschfeld;  Announcement  Publication,  Ed  Bortugno  and  Jeanne  Perkins;  and  Support  Services  from 
Rebecca  Currey,  JoAnne  Davis,  Phil  Garbutt,  Terry  Smith,  Ruth  Carlson,  and  the  Pioneer  Bookstore. 

We  thank  the  following  sponsoring  organizations:  Association  of  Bay  Area  Governments;  Association 
of  Engineering  Geologists;  Bay  Area  Regional  Earthquake  Preparedness  Project,  California  Office  of 
Emergency  Services;  California  Department  of  Conservation,  Division  of  Mines  and  Geology;  California 
State  University,  Hayward,  San  Francisco,  and  San  Jose;  City  of  San  Leandro;  Seismological  Society  of 
America;  and  the  U.S.  Geological  Survey. 

We  thank  the  authors  and  reviewers  of  the  papers.  This  volume  would  not  have  been  published  without 
the  genial  help  of  DMG  staff  members  Ross  Martin,  Richard  Adrianowicz,  Nancy  David,  Dave  Wagner, 
Earl  Hart,  and  Lena  Tabilio. 


The  Pioneer  Bookstore,  California  State  University,  25976  Carlos  Bee  Blvd. .Hayward,  CA,  94542  (510-881  -3507) 
sells  copies  of  the  1 992  field  trip  guide  book  ($1 6.00),  a  reprint  of  the  1 982  field  trip  guide  book  ($9.00),  the  1 992 
Program  and  Abstracts  ($5.75),  and  the  new  USGS  map  of  the  Hayward  fault  (MF-2196)  ($3.50).  Shipping  and 
handling  is  $5.00  for  the  first  item  ($4.00  for  the  map)  and  $2.00  for  each  additional  item. 

Visa  and  MasterCard  are  accepted. 
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INTRODUCTION 


We  believe  this  second  conference  was  at  least  as  successful  as  the  widely  recognized  first  conference  which  was  held  a 
decade  ago.  The  proceedings  of  the  first  conference  (CDMG  Special  Publication  62)  served  as  a  focal  point  for  much  of  the 
earthquake  hazard  research  conducted  in  the  East  Bay  during  the  last  decade.  We  hope  this  new  volume  will  serve  a  similar 
function  and  that  our  collective  work  will  lead  to  the  saving  of  lives  and  the  mitigation  of  hazards  and  structural  damage  in 
future  earthquakes.  As  reflected  in  these  papers,  two  recent  and  significant  events  have  increased  awareness  and  rejuvenated 
research  in  many  aspects  of  the  "earthquake  problem"  in  the  East  Bay:  the  1988  earthquake  forecasts  by  the  Working  Group  on 
California  Earthquake  Probabilities  and  the  occurrence  of  the  1989  M7  Loma  Prieta  earthquake.  As  you  read  the  72  papers  and 
16  abstracts,  please  keep  in  mind  that  most  are  summaries  of  much  more  detailed  technical  works  mentioned  in  the  references. 
Many  of  the  questions  asked  at  the  first  conference  are  answered  in  this  volume;  many  are  not.  Among  the  notable  advances 
reviewed  and  updated  in  this  Proceedings  are: 

•  Estimates  of  the  Holocene  slip  rates  of  the  Hayward,  Rodgers  Creek,  and  northern  Calaveras  faults  (all  about  8+3  mm/ 
yr).  In  1982,  these  basic  data  were  non-existent.  Guesses  ranged  from  3  to  20  mm/yr. 

•  Estimates  of  future  probabilities  for  major  earthquakes  on  the  northern  Hayward,  southern  Hayward,  and  Rodgers 
Creek  faults  (all  about  0.25,  or  one  chance  in  four,  over  the  next  30  years).  In  1982,  probability  estimates  were  not 
possible,  partly  because  the  Holocene  slip  rate  data  were  not  available. 

•  Vast  improvement  in  the  measurement  precision  of  creep  rates,  strain,  and  geodesy  along  most  East  Bay  faults.  In 
1982  we  thought  the  Antioch  fault  was  creeping.  It  isn't. 

•  New  geophysical  and  seismological  data  revealing  the  nature  of  the  connections  between  the  Hayward  and  Rodgers 
Creek  faults  and  between  the  Calaveras  and  Concord  faults.  In  1982  we  did  not  know  whether  these  systems  were 
joined  by  right-steps,  right-bends,  or  not  joined  at  all.  Now  it  looks  as  though  the  Hayward-Rodgers  Creek  fault 
connection  is  a  right  step.  The  Calaveras-Concord  fault  connection  may  involve  rotating  blocks  bounded  by  left- 
lateral  northeast-trending  faults. 

•  BASIX  (Bay  Area  Seismic  Reflection  Imaging  experiment).  In  1982,  fault  offsets  of  young  sediments  on  the  San 
Francisco  Bay  floor  were  only  suspected.  Preliminary  results  presented  at  the  conference  clearly  show  offsets  in  the 
sediments  near  Pittsburg  and  between  the  Rodgers  Creek  and  Pinole  faults. 

•  In  1982  we  were  unsure  about  how  the  faults  of  the  San  Andreas  system  connected  at  depth.  Now  we  have  a  model, 
albeit  controversial,  in  which  the  major  strike-slip  faults  of  the  San  Andreas  system  root  into  a  mid-crustal 
decollement.  Whether  the  model  is  correct  or  not,  it  emphasizes  the  need  for  a  coherent  and  comprehensive  frame- 
work for  assessing  the  seismogenic  potential  of  buried  as  well  as  mapped  faults. 

•  Recognition  that  northeast-directed  tectonic  compression  across  the  Bay  region,  as  well  as  right-lateral  strike  slip 
motion  on  the  major  northwest-trending  faults,  might  play  an  important  role  in  the  tectonic  regime  in  the  East  Bay.  In 
1982  most  thought  that  regional  compression  had  ceased  with  the  passage  of  the  triple  junction.  Now  we  aren't  quite 
as  sure. 
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•  In  1982  we  tended  to  equate  "off-fault"  seismicity  adjacent  to  the  major  strike-slip  faults  as  a  mislocation  problem. 
Now  we  are  beginning  to  see  many  off-fault  sources  as  northwest-striking  reverse  faults.  Relatively  small  earthquakes 
on  these  faults  could  cause  unexpectedly  severe  local  damage. 

•  Numerous  Alquist-Priolo  Special  Studies  pinpointing  the  locations  of  active  fault  traces  have  led  to  a  new  detailed  map 
of  the  Hayward  fault  released  concurrently  at  the  conference  and  to  the  recommended  removal  of  the  Antioch  fault 
from  the  list  of  faults  zoned  for  rupture  hazard.  In  1982  the  Hayward  fault  was  in  many  places  a  wide  zone  in  which 
several  authorities  gave  widely  varying  locations  for  the  active  trace.  Now,  many  of  these  traces  are  no  longer 
considered  active  and  the  actively  creeping  trace  has  been  mapped  in  detail. 

•  Recognition  that  the  northern  Calaveras  fault  is  a  likely  source  of  a  major  earthquake  in  the  near  future.  The  1984 
Morgan  Hill  earthquake  and  recent  paleoseismological  work  is  making  the  northward  progression  of  events  nearly  a 
foregone  conclusion. 

•  Improved  knowledge  of  the  late  Quaternary  stratigraphy  of  San  Francisco  Bay  and  its  influence  on  earthquake  damage. 
We  have  known  since  1906  that  filled  ground  around  the  Bay  was  seismically  hazardous.  The  collapse  of  the  northern 
half  of  the  Cypress  Structure  during  the  Loma  Prieta  earthquake  proved  this  once  again. 

•  Development  and  refinement  of  an  earthquake  planning  scenario  for  the  Hayward  fault.  In  1982,  a  scenario  was 
presented  for  an  earthquake  on  the  San  Andreas  fault.  Seven  years  later,  in  the  Loma  Prieta  earthquake,  parts  of  the 
scenario  came  true. 

•  Progressive  state  and  local  programs  to  abate  seismic  hazards  of  unreinforced  masonry  buildings  and  of  public 
buildings  that  lie  astride  East  Bay  faults.  In  1982  the  public  identification  of  seismically  hazardous  structures  was 
nearly  unheard  of.  Today,  it  is  becoming  commonplace. 

•  Recognition  and  growing  concern  for  the  earthquake  vulnerability  of  older  concrete  frame  buildings.  Few  such 
buildings  designed  before  1973  have  the  "ductile  detailing"  that  would  allow  them  to  flex  and  not  fail  in  large  earth- 
quakes. Now  we  know  that  some  of  the  East  Bay's  public  buildings  are  of  this  type  and  require  immediate  attention. 

•  Increasing  our  awareness  of  the  seismic  vulnerability  of  the  rapidly  growing  far  East  Bay.  In  1982,  we  reported  on  the 
1980  M5.8  earthquake  on  the  Greenville  fault.  In  1992,  we  present  studies  on  the  hazards  presented  by  other  eastern 
faults  and  by  liquefaction  in  the  delta. 

As  pointed  out  at  the  public  forum,  there  is  no  prospect  of  an  end  to  the  intermittent  violent  shaking  that  we  will  experience 
in  the  East  Bay.  Nevertheless,  we  are  slowly  learning  to  build  structures  that,  like  ships  at  sea,  find  a  dynamic  environment  of 
no  particular  consequence.  Perhaps  someday  our  hazardous  structures  will  have  been  replaced.  Until  then,  we  have  many 
scientific  chores  to  do.  The  authors  and  the  editors  of  this  volume  hope  that  these  proceedings  will  speed  that  process. 
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Chapter  1 

Tectonic  Structure  and  Seismicity 
of  the  East  Bay 
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Tectonic  Setting  of  the 
San  Francisco  Bay  Region 


by 
Benjamin  M.  Page1 


ABSTRACT 

Major  tectonic  aspects  of  the  Bay  region  include  the  following:  (1)  The  entire  region  is  within  a  very  broad 
belt  of  dextral  shear  marking  a  plate  boundary  transform  zone  in  which  the  most  conspicuous  faults  are 
strike-slip.  (2)  The  San  Francisco  Bay-Santa  Clara  Valley  depression  (SFB-SCV)  is  a  tract  with  little-known, 
buried  structure,  imprecisely  bounded  by  sub-linear  fault  zones  and  mountain  ranges.  (3)  The  ranges  (e.g., 
Santa  Cruz  Mountains,  East  Bay  Hills,  and  Diablo  Range  )  on  either  side  of  the  SFB-SCV  are  elongate 
blocks  or  welts.  (4)  Numerous  thrust  faults  occur  within,  and  locally  along  the  margins,  of  the  ranges.  (5) 
The  SFB-SCV,  the  ranges,  many  thrusts,  and  numerous  folds  are  sub-parallel  with  the  plate  boundary.  (6) 
The  SFB-SCV,  ranges,  folds,  and  faults  are  mainly  Pliocene-Quaternary  in  age,  and  tectonic  movements 
are  intermittently  on-going. 

The  spatial  relations  of  many  of  the  above-mentioned  features  indicate  compression  normal  to  the  plate 
boundary,  in  addition  to  predominant  shear  parallel  with  the  boundary,  and  suggest  a  transverse  compres- 
sional  origin  for  the  SFB-SCV  and  the  ranges.  Evidently  a  fairly  cleancut  partitioning  between  dextral  shear 
and  compressional  strain  has  prevailed  at  times.  Probably  the  ranges  are  rising  both  in  a  block-like  manner 
and  plastically,  in  response  to  transverse  squeezing.  In  places,  pre-existing  strike-slip  faults  serve  as 
convenient  loci  for  vertical  movements.  Elsewhere,  marginal  thrusts  or  reverse  faults  facilitate  uplift.  Locally, 
discrete  structures  are  absent  along  range  boundaries,  implying  that  some  uplift  is  accomplished  more  or 
less  plastically. 

Most  of  the  just-described  features  were  formed  during  the  past  3.5  my,  and  some  of  the  compressional 
structures,  including  thrust  faults  and  associated  folds,  may  still  be  potentially  active.  The  thrust  faults  are 
probably  not  as  seismicaly  dangerous  as  the  better  known  strike-slip  faults,  but  their  surface  traces  should 
be  avoided  by  construction  projects. 


PLATE  TECTONIC  CONTEXT  OF  THE 
SAN  FRANCISCO  BAY  REGION 

The  Bay  region  is  within  the  zone  of  interaction  between 
the  Pacific  plate  and  the  North  American  plate,  and  crustal 
activity  here  reflects  this  interaction.  The  Pacific  plate 
moves  northwestward  relative  to  the  stable  interior  of  the 
continent  at  an  average  rate  of  about  49  mm/yr  (De  Mets 
and  others,  1990)  in  a  direction  almost  parallel  with  the 
coast  of  central  California.  The  transform  boundary  between 
the  two  plates  is  a  broad  zone  embracing  all  of  coastal 
California  at  the  latitude  of  the  Bay  (Page,  1990),  and  within 
this  zone  dextral  strike-slip  faulting  and  much  crustal 
deformation  are  symptomatic  of  the  inexorable  plate 
motion.  Although  the  San  Andreas  is  justifiably  the  most 
famous  strike-slip  fault  in  the  system,  at  the  latitude  of  the 


Bay  it  accommodates  less  than  half  of  the  average  total 
relative  plate  motion  (Prescott  and  others,  1981;  Lisowski 
and  Savage,  1992).  Much  of  the  remaining  motion  is  shared 
by  Bay  region  faults  such  as  the  San  Gregorio,  Hayward, 
Calaveras,  and  Greenville,  most  of  which  have  produced 
large  historic  earthquakes. 

The  strike-slip  faulting  in  the  region  is  paramount  and  is  a 
direct  expression  of  the  relative  plate  motion,  but  it  is  so 
well  known  that  I  will  emphasize  less  familiar  types  of 
crustal  movement.  First,  it  is  appropriate  to  give  an  over- 
view of  the  geology  and  tectonics. 

GEOLOGIC  HIGHLIGHTS 

The  following  is  a  minimal  summary.  For  more  compre- 
hensive coverage,  the  reader  is  referred  to  Wahrhaftig  and 
Sloan  (1990). 


'Department  of  Geology,  Stanford  University,  Stanford,  CA  94305-2115 
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The  main  geomorphic  elements  of  the  Bay  region  are  the 
San  Francisco  Bay-Santa  Clara  Valley  depression  (SFB- 
SCV)  and  the  ranges  which  bound  it.  All,  including  the 
SFB-SCV,  have  a  tectonic  origin.  The  principal  ranges  are 
the  Santa  Cruz  Mountains  on  the  southwest ,  and  the  East 
Bay  Hills  and  Diablo  Range  on  the  northeast.  In  addition 
there  are  smaller  entities  such  as  Livermore  Valley,  each 
with  geologic  characteristics  which  cannot  be  described  in 
this  brief  paper. 

The  underlying  rocks  of  the  ranges  and  the  SFB-SCV  are 
predominantly  sedimentary.  Except  as  noted  below,  gener- 
ally they  are  stratified,  and  commonly  the  strata  are  folded 
and  faulted  (Figures  1  and  2).  In  Figure  2,  folds  and  some  of 
the  faults  which  very  likely  exist  beneath  the  SFB-SCV 
cannot  be  shown  because  of  lack  of  exposures  and  alterna- 
tive data. 

Among  the  oldest  rocks  are  those  of  the  Franciscan 
complex,  which  is  believed  to  underlie  the  entire  region,  and 
which  is  exposed  at  the  surface  in  many  localities.  Modern 
data  and  references  may  be  found  in  Blake(1984)  and 
Wakabayashi  (1992).  The  components  of  this  rock  assem- 
blage were  brought  together  many  tens  of  millions  of  years 
ago  by  convergent  plate  interaction  (quite  different  from  the 
transform  motion  of  the  present),  whereby  tectonic  plates  of 
the  Pacific  Basin  moved  relatively  against  the  North 
American  plate  and  descended  partway  beneath  the  conti- 
nental margin,  by  subduction.  Fragments  of  oceanic  crust 
and  abyssal  sedimentary  rocks,  as  well  as  sizeable  slabs  of 
land-derived  sandstone  and  shale,  were  brought  together, 
forming  a  heterogeneous  assemblage.  Parts  of  the  Fran- 
ciscan are  coherent,  solid  rock,  but  other  parts  (melanges) 
are  composed  of  separate,  diverse  blocks  of  rock  enclosed  in 
a  matrix  of  sheared  shale.  Melanges  are  generally  weak,  and 
some  are  susceptible  to  landsliding,  particularly  during 
earthquakes.  Franciscan  rocks  are  exposed  intermittently 
along  the  southwest  margin  of  the  East  Bay  Hills  and 
extensively  in  the  Diablo  Range  south  of  Livermore  Valley. 

Other  ancient  rocks,  likewise  formed  many  tens  of 
millions  of  years  ago  (in  Late  Jurassic  and  Cretaceous  time), 
are  referred  to  as  the  Great  Valley  sequence  (e.g.,  Graham 
and  Ingersoll,  1981).  These  rocks  are  largely  normal 
turbiditic  marine  sandstones,  shales,  and  conglomerates 
possessing  stratal  continuity  and  lacking  melanges.  In  the 
Bay  area,  they  are  strongly  folded.  Exposures  of  this 
sequence  may  be  seen  in  the  East  Bay  Hills  from  Oakland  to 
Niles  Canyon. 

All  of  the  foregoing  older  rocks  are  overlain  in  places  by 
Tertiary  marine  formations;  they  arc  described  in  Wahrhaftig 
and  Sloan  (1989).  These  rocks,  markedly  folded,  are 
exposed  in  the  heart  of  the  East  Bay  Hills  from  San  Pablo 
Hay  to  Livermore  Valley.  locally  they  arc  collectively  more 
than  5  km  thick. 


Stratigraphically  above  the  marine  sequences  are  tectoni- 
cally  significant  nonmarine  strata  which  are  exposed 
discontinuously  around  the  edges  of  the  SFB-SCV  and  in 
parts  of  the  hills.  Evidently  in  part  of  the  area  of  the  present 
East  Bay  Hills  the  sea  withdrew  and  nonmarine  deposition 
began  between  13  and  8  Ma  (millions  of  years  ago). 
Subsequent  sediments,  except  in  the  Bay  itself,  are  largely 
stream  deposits,  alluvium,  and  debris  flow  material  plus 
local  lake  deposits  (e.g.,  Creely  and  others,  1982).  Else- 
where in  the  East  San  Francisco  Bay  region,  the  history  is 
similar  except  that  the  sea  did  not  retreat  permanently  until 
3  or  4  Ma.  This  geologically  recent  event  marked  prelimi- 
nary uplifts  which  preceded  the  rise  of  the  individual  ranges 
which  are  present  today.  Examples  of  nonmarine  deposits 
are  the  Contra  Costa  Group  (including  the  Orinda  and 
Mulholland  Formations,  about  13  to  less  than  5  Ma  in  age), 
the  Santa  Clara  Formation  (about  4  to  0.5  Ma),  and  the 
Livermore  Gravels  (perthaps  coeval  with  the  Santa  Clara). 
Despite  their  youthfulness,  these  formations  are  locally 
folded  and  faulted.  They  are  mainly  poorly  consolidated 
conglomerate,  sandstone,  siltstone,  and  clay.  Parts  of  the 
Orinda  and  Santa  Clara  Formations  are  notoriously  subject 
to  landsliding. 

The  sediments  immediately  underlying  and  fringing  the 
water  of  the  Bay  proper  are  important  for  their  response  to 
earthquakes  and  for  their  engineering  properties  in  general. 
These  sediments  have  recently  been  investigated  in  a 
milestone  study  by  Rogers  and  Figuers  (this  volume).  The 
sediments  are  largely  silt  and  clay,  with  lesser  amounts  of 
sand.  They  range  in  age  from  perhaps  400  ka  (Pleistocene) 
to  less  than  1 1  ka  (Holocene)  and  collectively  they  attain  a 
maximum  thickness  of  over  340  m,  although  they  are 
generally  much  thinner.  They  vary  in  strength  and 
liquifaction  potential,  but  all  are  poorly  consolidated. 


RANGE  UPLIFTS 

Although  some  of  the  rocks  composing  the  ranges  are 
many  tens  of  millions  of  years  old,  the  ranges  (in  the  sense 
of  topographic  highs  as  they  exist  today)  are  geologically 
very  young.  As  noted  above,  initial  uplifts  are  recorded  by 
the  cessation  of  marine  sedimentation.  The  deposition  of 
nonmarine  formations  such  as  the  Orinda,  Mulholland,  and 
Santa  Clara  Formations  was  sustained  by  erosion  of  areas 
that  were  rising  above  sea  level.  The  rising  areas,  however, 
did  not  coincide  with  the  locations  and  boundaries  of  the 
present  ranges.  For  example,  part  of  the  site  of  San  Fran- 
cisco Bay  was  elevated  at  the  time  of  Orinda  deposition 
(Graham  and  others,  1984).  Before  the  present  ranges  were 
delineated,  the  aforementioned  sedimentary  formations  were 
locally  folded  and  faulted,  -  a  rather  startling  observation  in 
view  of  the  fact  that  most  of  the  strata  arc  poorly  consoli- 
dated and  some  arc  less  than  1  to  5  Ma  in  age. 
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The  ranges  as  we  know  them,  and  the  SFB-SCV,  evidently 
began  to  take  form  about  1  Ma.  The  uplifts,  which  were 
rapid  in  geological  terms  but  extremely  slow  in  human 
terms,  are  apparently  continuing  today  at  a  mean  annual  rate 
on  the  order  of  a  millimeter  or  two  per  year  (e.g.,  Gilmore, 
this  volume).  The  geologically  rapid  rise  of  the  ranges, 
coupled  with  the  low  strength  of  their  materials  (for 
example,  Franciscan  melanges,  poorly  consolidated  mem- 
bers of  the  Orinda,  Mulholland,  and  Santa  Clara  Forma- 
tions) has  produced  multitudes  of  landslides  and  debris 
flows,  some  of  which  in  the  frontal  hills  of  the  Diablo 
Range  are  truly  enormous.  Many  probably  originated  during 
a  pluvial  period  a  few  tens  of  thousands  of  years  ago  and 
may  now  be  partially  stabilized.  However,  whenever  future 
strong  earthquakes  coincide  with  a  few  years  of  above- 
normal  rainfall,  local  reactivation  is  almost  a  certainty. 

The  cause  of  uplift  of  the  ranges  is  a  major  question.  Most 
geologic  evidence  points  toward  toward  horizontal  compres- 
sion normal  to  the  plate  boundary  as  the  immediate  cause. 
This  evidence  mainly  consists  of  folds  and  thrust  faults 
trending  parallel  with  the  boundary  and  with  the  major 
strike-slip  faults  (Figure  1).  The  ranges  themselves  have  this 
same  trend,  as  does  the  SFB-SCV.  The  latter  may  have  been 
forced  down  as  the  ranges  were  forced  up,  or  it  may  simply 
have  remained  passively  near  sea  level  while  the  bordering 
areas  were  rising. 

The  mechanical  means  by  which  horizontal  compressive 
stress  resuls  in  vertical  uplift  is  an  interesting  corollary  of 
the  problem.  Some  parts  of  some  ranges  are  bordered  by 
marginal  thrust  faults  which  dip  beneath  the  mountains, 
whereas  in  some  cases  marginal  thrusts  are  lacking  and 
strike-slip  faults  define  the  boundaries  of  uplifts.  The 
Hayward  fault  commonly  lies  at  or  near  the  base  of  the  East 
Bay  Hills,  and  appears  to  have  been  utilized  as  a  convenient 
locus  of  dip-slip,  although  this  is  clearly  not  the  main  role  of 
the  fault.  A  hundred  kilometers  to  the  south,  the  San 
Andreas  fault  has  been  similarly  utilized  by  the  uplift  of  the 
Gabilan  Range.  Interestingly,  parts  of  the  east  flank  of  the 
Diablo  Range  and  east  flank  of  the  Santa  Lucia  Range,  far 
south  of  the  Bay  region,  apparently  lack  any  definitive 
boundary  structure.  Evidently  portions  of  some  ranges  are 
plastic  welts  rather  than  rigid  blocks,  more  or  less  merging 
with  adjacent  plains. 

In  summary,  it  appears  that  the  ranges  were  (and  are) 
squeezed  up  by  horizontal  compression  normal  to  their  long 
axes.  In  some  cases,  the  behavior  is  block-like,  and  the 
strain  is  partially  accommodated  by  slip  on  marginal  thrusts 
or  pre-existing  strike-slip  faults.  In  other  cases,  the  behavior 
is  more  nearly  plastic  and  definitive  boundaries  are  lacking. 
Obviously,  the  near-surface  manifestations  are  driven  by 
deeper  strains.  At  mid-crustal  levels  (say  15  km  or  so) 
probably  rock  masses  such  as  the  Franciscan  complex  are 
forced  laterally,  wedge-like,  into  or  beneath  adjacent  rock 


assemblages,  as  proposed  by  Wentworth  and  others  (1984), 
but  the  process  would  have  to  be  two-sided  to  explain  more 
or  less  symmetrical  uplifts. 


THRUST  AND  REVERSE  FAULTS 

The  practical  implications  of  compressional  stress  and 
strain  normal  to  the  plate  boundary  are  manifest.  Strike-slip 
faulting,  although  of  paramount  danger,  is  not  the  only 
tectonic  hazard.  Young  thrust  faults  parallel  with  the  plate 
boundary  not  only  lie  along  the  margins  of  some  ranges,  but 
occur  within  the  ranges  as  well  (Aydin  and  Page,  1984). 

The  East  Evergreen  fault  east  of  San  Jose  (Reid,  1979)  is 
an  example  of  a  marginal  thrust.  Along  this  fault,  Jurassic 
and  Cretaceous  shale  and  sandstone  of  the  hills  have 
overridden  gravels  of  the  Pliocene-Quaternary  Santa  Clara 
Formation  at  the  edge  of  the  valley  floor.(Fig.  3).  Similar 
faults  are  believed  to  exist  farther  south  near  Coyote  and 
Morgan  Hill,  and  a  number  of  such  features  are  known  on 
the  opposite  side  of  the  SFB-SCV  in  the  vicinity  of  Los 
Gatos,  Saratoga,  Monte  Vista,  and  Stanford. 

Some  of  these  young  thrust  faults  will  probably  undergo 
slippage  in  the  future,  most  likely  in  the  subsurface  but 
possibly  at  the  ground  surface.  At  least,  this  is  a  wise 
presumption.  Each  of  these  features  should  be  examined 
carefully  for  evidence  of  Holocene  movement.  It  should  be 
noted  that  in  the  Santa  Cruz  Mountains  and  foothills  on  the 
west  side  of  the  Bay,  the  majority  of  small  earthquakes 
during  the  last  24  years  have  shown  reverse  or  thrust 
mechanisms  (Kovach  and  Beroza,  1991).  Even  where 
evidence  of  Holocene  offset  is  lacking,  prudence  should 
preclude  building  on  the  fault  traces.  There  is  a  possibility 
of  warping  or  random  rupturing  of  surficial  material,  as  in 
the  Los  Gatos  area  at  the  time  of  the  1989  Loma  Prieta 
earthquake  (Plafker  and  Galloway,  1989,  pp.  16-17). 

In  addition  to  thrust  faults  parallel  with  the  plate  boundary, 
thrusts  of  a  different  tectonic  category  are  oblique  to  the 
boundary  and  may  be  regarded  as  secondary  structures 
produced  by  horizontal  shear  inherent  in  the  transform 
system  (Aydin  and  Page,  1984).  Many  of  these  structures 
affect  late  Cenozoic  rocks,  and  although  few,  if  any,  are 
known  to  have  had  Holocene  activity,  all  should  be  regarded 
with  suspicion  until  proven  harmless. 


BLIND  THRUSTS  AND  DEEP 
SUB-HORIZONTAL  ZONES  OF  SHEAR 

Recently  much  attention  has  been  devoted  to  the  problem 
of  thrust  faults  which  do  not  reach  the  surface,  but  which 
underlie  genetically  related  anticlines.  The  destructive  1983 
Coalinga  earthquake  originated  on  this  type  of  blind  thrust 
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Figure  3  Map  of  East  Evergreen  thrust  fault  (See  Figure  1  for  location).  Abbreviations:  EEF,  East  Evergreen  Fault;  JKsh,  Upper  Jurassic-  Lower 
Cretaceous  shale;  Keg,  Cretaceous  conglomerate;  Kss-sh,  Cretaceous  sandstone  and  shale;  Qal,  Quaternary  alluvium,  including  "older  alluvium"; 
Qsc,  Pliocene-Quaternary  Santa  Clara  Formation;  sp,  serpentine.  Trace  of  East  Evergreen  fault  near  Evergreen  College  is  from  Reid  (1979). 
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(Rymer  and  Ellsworth,  1985),  and  probably  the  strong 
Vacaville-Winters  earthquakes  of  1882  were  tectonically 
similar  (Unruh  and  Moores,  1992).  The  boundary  zone 
between  the  Coast  Ranges  and  the  Great  Valley  appears  to 
be  a  prime  locus  for  this  type  of  seismotectonics;  the  bulk  of 
the  Coast  Ranges  and  Bay  region  may  or  may  not  be 
immune.  The  subject  of  blind  thrusts  is  addressed  in  two 
papers  in  this  volume  (Sowers  and  others,  1992;  and 
Wakabayashi  and  others,  1992),  and  these  articles  contain 
further  references.  Fortunately,  destructive  earthquakes  from 
cryptic  faults  are  relatively  infrequent  in  California. 

Various  seismic  refraction  experiments  have  shown  shown 
sub-horizontal  velocity  boundaries  at  mid-crustal  depths  in 
the  Coast  Ranges  province  (e.g.,  Walter  and  Mooney,  1982), 
and  some  reflection  profiles  also  suggest  the  presence  of 
relatively  flat  boundaries.  The  nature  of  these  features  is,  for 
the  most  part,  speculative,  but  some  of  them  may  be 
surfaces  of  decollement  (detachment).  If  sub-horizontal 
zones  of  shear  exist,  what  are  the  seismic  implications? 
Much  depends  upon  the  depth  relative  to  the  brittle-ductile 
transition  zone.  California  earthquakes  which  might  be 
ascribed  to  slip  in  such  zones  seem  to  be  rare,  and  it  is 
emphatically  premature  to  suggest  that  all  or  most  of 
western  California  is  endangered  by  extensive  detachments 
at  depth. 


CONCLUDING  REMARKS 

The  Bay  region  is  a  tectonically  lively  portion  of  the 
Pacific-North  American  plate  boundary  zone.  The  relative 
plate  motions  drive  a  variety  of  processes,  dominated  by  the 
familiar  strike-slip  faulting.  This  type  of  faulting  obviously 
poses  the  greatest  earthquake  threat  in  terms  of  frequency  of 
destructive  events,  but  we  must  be  aware  of  potential 
activity  of  young  thrust  faults,  some  of  which  respond  to 
compressive  stress  transverse  to  the  plate  boundary.  Their 
geologic  role  is  linked  to  the  rise  of  the  ranges,  which 
apparently  continues  today.  Evidently  the  compressive  strain 
rate  is  low,  as  it  is  not  apparent  in  geodetic  observations  to 
date;  therefore,  earthquakes  caused  by  compression  normal 
to  the  plate  boundary  will  either  be  small  or,  if  large,  will  be 
relatively  infrequent.  The  range  uplifts  have  engendered 
multitudes  of  landslides.  Although  many  of  these  are  old 
and  dormant,  some  of  them  (as  well  as  newly  formed  slides) 
will  move  during  future  earthquakes  in  periods  of  prolonged 
wet  weather. 
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ABSTRACT 

In  September  1991  nearly  80  km  of  deep-penetration  seismic  reflection  profiles  were  acquired  in  the  Sacra- 
mento Delta  and  San  Francisco  Bay  from  near  Antioch  (Rio  Vista)  to  the  Golden  Gate  Bridge  and  beyond  to  the 
offshore  extension  of  the  San  Andreas  fault.  This  study,  funded  by  the  National  Earthquake  Hazards  Reduction 
Program,  the  U.S.  Geological  Survey,  the  National  Science  Foundation,  the  California  Department  of  Transporta- 
tion, and  Stanford  University,  was  designed  to  allow  scientists  to  construct  a  profile  of  the  geologic  strata  from  the 
North  American  plate,  across  several  East  Bay  faults,  the  San  Andreas  fault,  and  onto  the  Pacific  plate.  One  of 
the  goals  of  this  Bay  Area  Seismic  Imaging  experiment  (BASIX)  is  to  determine  the  geometry  of  the  major  faults 
in  the  middle  to  lower  crust.  Do  the  faults  remain  near-vertical,  or  do  they  flatten  at  depth?  Are  any  of  the  faults 
connected  in  the  subsurface?  Ultimately,  this  information  will  be  critical  for  any  future  estimate  of  earthquake 
hazards  in  the  Bay  Area. 

The  U.S.  Geological  Survey  research  ship  S.P.  Lee  provided  the  seismic  source  for  the  reflection  study,  towing 
a  5858  cubic  inch  1 2-airgun  array.  The  shots  were  spaced  on  average  every  50  m  and  were  recorded  on  60  to 
120  moored  seismometers  positioned  along  the  edge  of  the  active  shipping  channel.  These  seismometers  were 
spaced  every  50  to  100  m  and  were  redeployed  daily  as  the  spread  was  progressively  moved  from  west  to  east. 
The  receivers  telemetered  the  data  back  to  recording  equipment  on  the  ship.  The  record  length  was  16  seconds  - 
sufficient  for  reflections  to  be  recorded  from  throughout  the  lithosphere.  Processing  of  this  seismic  data  is  now 
underway  at  the  Lawrence  Berkeley  Laboratory  Center  for  Computational  Seismology  and  at  the  U.S.  Geological 
Survey. 

In  addition  to  the  seismic  reflection  study,  the  airgun  energy  was  recorded  at  large  distances  (>  160  km)  on 
more  than  60  temporary  and  200  permanent  seismic  stations  positioned  throughout  northern  California  (from 
Napa  Valley  south  to  San  Jose  and  from  the  Sierra  foothills  west  to  the  base  of  the  continental  slope).  These 
data  will  be  used  to  constrain  the  velocity  structure  of  the  crust,  and  as  such,  will  provide  important  constraints  on 
the  variation  in  crustal  thickness  and  the  distribution  of  rock  types  at  depth.  The  regional  distribution  of  recorders 
will  also  provide  information  on  the  three-dimensional  distribution  of  faulting  and  crustal  structure. 

A  third  component  of  seismic  reflection  profiling  conducted  by  BASIX  is  the  high-resolution  imaging  of  the 
shallow  sedimentary  sequence  within  San  Pablo  Bay  and  San  Francisco  Bay.  Two  surveys  were  conducted  in 
Fall  1991 ,  totaling  more  than  150  km.  The  resulting  high-resolution  data  set  has  provided  more  detailed  control 
on  fault  geometry  within  the  upper  100  m  of  the  Earth's  crust. 
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ABSTRACT 

As  part  of  the  National  Earthquake  Hazards  Reduction  Program,  the  U.S.  Geological  Survey,  the  University  of 
California  at  Berkeley,  Lawrence  Berkeley  Laboratories,  and  Stanford  University  were  jointly  funded  to  study  the 
structure  of  the  San  Andreas,  Hayward,  Concord,  and  Antioch  faults  in  the  San  Francisco  Bay  Area.  The  goal  of  this 
multichannel  seismic  reflection  study,  known  as  BASIX  (Bay  Area  Seismic  Imaging  experiment),  was  to  image  the 
subsurface  geometry  of  the  major  faults  and  determine  if  they  are  linked  at  depth  and,  if  so,  how  they  connect  to  the 
deeper  plate  boundary  in  the  region.  Lower  crustal  connections  among  these  fault  strands  may  play  an  important 
role  in  stress  transfer  during  the  earthquake  cycle.  Ultimately  this  information  will  be  critical  for  future  estimates  of 
eathquake  hazards  in  the  Bay  Area. 

The  multichannel  marine  data  acquisition  was  conducted  from  5-19  September  1991 .  Two  reflection  profiles  were 
acquired.  The  first  line  extended  118  km  from  Rio  Vista  in  the  Sacramento  Delta,  west  through  Suisun  Bay  and  San 
Pablo  Bay,  and  south  through  San  Francisco  Bay.  The  second  line  ran  31  km  from  just  offshore  Berkeley,  through 
the  Golden  Gate,  and  across  the  San  Andreas  fault.  The  USGS  research  vessel,  the  S.R  Lee,  provided  the  seismic 
source,  which  consisted  of  a  12-gun,  5858  cubic  inch  airgun  array.  Single  hydrophones  were  used  to  detect  the 
sonic  source.  These  receivers  were  attached  to  analog  radio  transmitter  units  that  sent  the  data  to  a  120-channel 
DFS  V  recording  system  on  the  S.P.  Lee.  Each  of  these  instruments  operated  on  a  separate  frequency  in  the  72  to 
76  MHz  range.  A  fixed  spread  of  receivers  was  deployed  each  day,  tethered  to  anchored  buoys  near  the  edge  of  the 
shipping  channel.   Initially  1 20  receivers  were  deployed  at  a  1 00  m  spacing.  This  number  was  reduced  to  60 
receivers  at  a  200  m  spacing  to  allow  more  time  for  battery  charging.  Cultural  obstacles  such  as  bridges,  refineries, 
and  shipping  lanes  caused  several  skips  in  the  regular  receiver  spacing.  The  Lee  would  shoot  through  the  spread 
and  up  to  6  km  off  each  end,  twice  every  night.  Shot  spacing  was  50  m.  During  the  13  nights  of  multichannel 
shooting,  a  total  of  9636  1 6-second  records  was  acquired,  corresponding  to  729,1 20  seismic  traces. 

Severe  noise  problems  are  evident  following  demuxing  and  plotting  of  selected  shot  gathers.  Although  the  quietest 
available  radio  frequencies  were  used  and  recording  was  done  at  night,  some  traces  must  be  edited  due  to  radio 
interference.  A  smaller  number  of  traces  was  lost  when  geographic  obstacles  blocked  communication  to  the  receiv- 
ers. The  most  serious  noise  problem  resulted  from  the  strong  tidal  currents  in  the  Bay  and  Delta  waters.  Because 
airgun  operations  were  restricted  by  permits  to  night  time,  it  was  not  possible  to  always  work  at  quietest  tidal  condi- 
tions. Shooting  continued  all  night  with  the  knowledge  that  extensive  editing  would  be  required.  Plots  of  common 
receiver  gathers  show  sporadic  broad-band  high-amplitude  noise  bursts  apparently  caused  by  the  hydrophones 
bouncing  on  the  seabottom  during  strong  tides.  Software  is  being  written  to  mute  these  bursts  and  to  delete  traces 
that  are  completely  noise  saturated.  Plots  of  selected  receiver  gathers  and  a  150-fold  brute  stack  of  a  portion  of  Line 
#1  show  fair  signal-to-noise  ratio  and  identifiable  upper  crustal  reflection  events.  Analysis  and  processing  will 
continue  over  the  next  several  months  and  a  final  interpreted  section  will  be  presented  at  the  Fall  1992  AGU  meeting. 
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The  Seismotectonics  of  the  Eastern 
San  Francisco  Bay  Region 


by 
David  H.  Oppenheimer1  and  Nan  Macgregor-Scott1 


ABSTRACT 

The  seismicity  of  the  East  Bay  since  1969  indicates  that  four  classes  of  faults  are  active:  1) 
major  NW-trending,  vertical,  right-lateral  strike-slip  faults  that  apparently  accommodate  the 
relative  Pacific-North  American  plate  motion  across  the  region.  Faults  typical  of  this  class 
include  the  Hayward,  Calaveras,  Concord,  and  Greenville  faults;  2)  NE-trending,  vertical,  left- 
lateral  strike-slip  faults  that  occur  within  right  stepover  regions  between  endpoints  of  major 
faults.  These  stepover  faults  also  tend  to  produce  earthquake  swarms;  3)  north-trending, 
vertical,  right-lateral  strike-slip  faults,  such  as  the  source  of  the  ML5.7  Mt.  Lewis  earthquake; 
and  4)  reverse  faulting  on  NW-oriented  planes.  This  complex  pattern  of  faulting  is  the  result  of 
low  shear  strength  on  the  major  faults  and  the  related  fault-normal  horizontal  compression.  The 
principal,  northwest-oriented,  vertical,  right-lateral  strike-slip  faults  are  required  by  geodetic 
studies  to  play  the  dominant  role  in  the  release  of  tectonic  strain  over  time. 


INTRODUCTION 

The  eastern  San  Francisco  Bay  region  ("East  Bay")  is  one 
of  the  most  seismically  active  regions  of  California.  Conse- 
quently, the  U.S.  Geological  Survey  (USGS)  continuously 
monitors  the  seismicity  to  gain  an  understanding  of  the 
location  and  geometry  of  seismogenic  faults,  their  potential 
for  future  main  shock  activity,  and  the  seismotectonics  of 
this  region.  Seismicity  studies  complement  geological 
studies  of  active  faults  because  they  image  the  faults  at 
depth,  particularly  those  that  do  not  rupture  to  the  surface  or 
which  are  obscured  by  urban  development.  Seismicity 
studies  also  provide  information  on  the  contemporary 
tectonics  of  a  region  in  contrast  to  geologic  studies  which 
reveal  the  integrated  effects  of  long-term  processes. 
Ellsworth  and  others  (1982)  provided  a  description  of  the 
East  Bay  seismicity  for  the  period  1969-1980  and  showed 
that  many  of  the  principal  faults  mapped  in  the  East  Bay  had 
associated  seismicity.  In  the  subsequent  decade  a  number  of 
significant  earthquakes  have  ruptured  faults  of  the  East  Bay 
region,  notably  the  April  24,  1984  ML6.2  Morgan  Hill  and 
June  13,  1988  ML53  Alum  Rock  earthquakes  on  the  Cala- 
veras fault,  the  March  31,  1986  A/^5.7  Mt.  Lewis,  and  the 
April,  28,  1990  ML4A  Alamo  shocks.  This  paper  discusses 
the  distribution  of  earthquake  hypocenters  and  their  associ- 
ated focal  mechanisms  to  gain  insight  into  the  seismotecton- 
ics of  the  East  Bay  region. 


SEISMICITY 

The  USGS  has  operated  a  telemetered  network  of  high- 
gain  vertical  component  seismometers  (CALNET)  in  the 
East  Bay  since  1969.  The  spacing  between  seismic  stations 
ranges  from  7  to  15  km  (Figure  1),  making  it  possible  to 
develop  velocity  models  specific  to  a  local  region.  These 
models  were  derived  by  inversion  of  earthquake  traveltime 
data  (Crosson,  1976)  by  Fred  Klein  (USGS,  written  commu- 
nication), resulting  in  horizontal  and  vertical  earthquake 
location  uncertainties  that  are  typically  less  than  1  and  2  km, 
respectively.  These  uncertainties  are  a  measure  of  the  loca- 
tion error  relative  to  other  locations,  but  the  absolute  uncer- 
tainty may  be  somewhat  larger.  As  the  number  of  stations  in 
CALNET  has  increased  with  time,  the  earthquake  detection 
capability,  location  accuracy,  and  ability  to  determine  focal 
mechanisms  has  concurrently  improved.  Less  than  optimal 
station  distribution  affects  the  accuracy  of  earthquake 
locations  in  some  regions,  particularly  along  the  eastern 
margins  of  the  East  Bay  region. 

Some  of  the  seismogenic  features  in  the  East  Bay  are 
clearly  associated  with  faults  recognized  from  geologic 
mapping,  such  as  the  Hayward,  Mission,  Calaveras,  Con- 
cord, Green  Valley,  and  Greenville  faults  (Figure  2).  The 
seismicity  occurring  on  these  faults  was  discussed  by 
Ellsworth  and  others  (1982),  and  our  interpretation  of  these 
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Figure  1 .  East  San  Francisco  Bay  region  with  Quaternary  faults 
(Jennings,  1975),  CALNET  seismic  stations  (triangles),  and 
region  shown  in  Figure  5  (large  rectangle).  Data  from  stations 
outside  region  are  also  used  to  determine  earthquake  locations. 
AL-Alamo,  AN-Antioch,  BR-Briones  Reservoir,  CCF-Concord 
Fault,  CVF-Calaveras  Fault,  DV-Danville,  GNF-Greenville  Fault, 
GVF-Green  Valley  Fault,  HWF-Hayward  Fault,  LK-Lake  del  Valle, 
LV- Li  verm  ore,  ML-Mt.  Lewis,  MSF-Mission  Fault,  TSF-Tesla 
Fault,  VNF-Verona  Fault. 


faults  is  essentially  the  same.  Hypocentral  alignments 
indicate  that  these  faults  are  near  vertical  (Figure  3),  and  the 
associated  focal  mechanisms  indicate  primarily  right-lateral 
slip  (Figure  4).  Portions  of  some  faults,  such  as  the  Hay- 
ward,  appear  to  dip  slightly,  but  we  believe  that  the  dip  is  an 
artifact  of  lateral  velocity  variations  across  the  fault  that  are 
not  represented  in  the  one-dimensional  velocity  models  used 
to  locate  the  earthquakes.  With  repeated  horizontal  motion 
on  a  fault,  rocks  of  different  composition  and,  hence,  veloci- 
ty are  juxtaposed.  This  situation  gives  rise  to  a  phenomenon 
known  as  "lateral  refraction"  in  which  the  first  arriving 
seismic  energy  has,  for  much  of  its  path,  propagated  through 
the  higher  velocity  rock  rather  than  in  a  direct  path  between 
the  earthquake  and  seismic  station.  This  effect  is  not  taken 
into  account  with  the  earthquake  location  method  used  in 
this  study,  and  it  can  also  cause  systematic  errors  in  the 
calculation  of  focal  mechanisms. 


Several  seismicity  trends  are  not  readily  assigned  to  any 
mapped  faults.  For  example,  the  Mt.  Lewis  earthquake 
sequence  ruptured  a  north-trending  structure  from  the 
Calaveras  fault  at  its  southern  terminus  to  perhaps  a  latitude 
as  far  north  as  Lake  del  Valle.  The  aftershock  distribution 
(C-C  in  Figures  2  and  3)  and  the  focal  mechanisms  (Figure 
4)  indicate  this  fault  is  vertical  and  the  slip  is  right-lateral. 
The  few  earthquakes  that  preceded  the  main  shock  had 
mechanisms  similar  to  the  subsequent  main  shock  mecha- 
nism (Ellsworth  and  others,  1982).  North-trending  earth- 
quake distributions  with  right-lateral  mechanisms  also  flank 
both  sides  of  the  fault  that  ruptured  during  the  Mt.  Lewis 
earthquake  (Figures  2-4).  The  Mt.  Lewis  earthquake  appar- 
ently did  not  produce  any  surface  rupture,  and  the  fault  is 
not  indicated  in  geologic  mapping  of  the  region.  However, 
13  km  east  of  the  "Mt.  Lewis"  fault,  Mesozoic  serpentinized 
ultramafic  rocks  are  displaced  7.5  km  in  a  right-lateral  sense 
along  an  NNW-oriented  aerial  photo  lineament  (Wagner  and 
others,  1990).  Thus,  we  should  anticipate  the  occurrence  of 
earthquakes  on  other  north-trending  faults  within  this  area 
of  the  East  Bay. 

Figure  4  shows  that  earthquakes  throughout  the  East  Bay 
commonly  exhibit  similar  focal  mechanisms  to  the  Mt. 
Lewis  trend.  For  example,  a  swarm  of  earthquakes  that 
included  a  ML4.3  event  began  near  Briones  Reservoir  on 
January  8,  1977,  rupturing  a  NNW-trending  structure 
(Ellsworth  and  others,  1982)  (Figures  2-4).  Such  earth- 
quakes also  occur  a  few  kilometers  north  of  the  Mission 
fault  between  the  Calaveras  and  Hayward  faults  (Andrews 
and  others,  1992),  along  the  Hayward  fault,  and  at  the 
northern  end  of  the  Greenville  fault.  In  particular,  a  ML5A 
earthquake  exhibiting  right-lateral  motion  on  a  near  vertical 
plane  striking  N10°W  initiated  the  Livermore  sequence  on 
January  24,  1980.  This  orientation  is  about  30°  east  of  the 
strike  of  the  Greenville  fault,  the  orientation  of  the  after- 
shock distribution,  the  observed  surface  faulting  (Bonilla 
and  others,  1980),  and  the  mechanism  of  the  ML5A  earth- 
quake which  occurred  three  days  later  (Cockerham  and 
others,  1980). 

Another  region  where  the  seismicity  is  not  expressed  in 
the  surface  geology  is  the  right  stepover  between  the  Cala- 
veras and  Concord  faults  (Figure  5).  Seismicity  has  occurred 
almost  continuously  in  this  region  since  CALNET  was 
installed  in  1969,  with  the  larger  events  tending  to  occur 
during  swarms.  The  most  pronounced  swarms  (and  the 
largest  magnitude  events)  occurred  in  May-June,  1970 
(ML4.\),  August,  1976  (ML3.%  and  April,  1990  (A/^4.4) 
(Figure  5).  Each  swarm  apparently  ruptured  a  new  location 
of  the  stepover  region.  The  hypocentral  distributions  of  the 
1970  "Danville"  swarm  (Lee  and  others,  1971)  and  the 
adjacent  1976  swarm  were  diffuse.  The  Danville  main  shock 
focal  mechanism  determined  by  Lee  and  others  (1971)  was 
pure  strike  slip  on  cither  a  vertical  plane  striking  N35°W  or 
left-lateral  on  a  plane  striking  N55°E;  it  was  not  possible  to 
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Figure  2.  Earthquakes  recorded  by  CALNETfor  period  January,  1969  - 
December,  1991.  The  earthquakes  were  located  with  Hypoinverse  (Klein, 
1989)  using  local  velocity  models.  All  earthquakes  have  a  minimum  of  6  arrival 
times,  RMS  <  0.30s,  horizontal  and  vertical  uncertainties  less  than  2.5  and  5.0 
km,  respectively,  and  an  azimuthal  gap  in  station  coverage  <  135°.  Earth- 
quakes within  polygonal  regions  are  shown  in  cross  section  in  Figure  3. 


discern  the  slip  plane  from  the  hypocentral  pattern.  Similarly, 
the  1976  sequence  had  nearly  identical  mechanisms  for  which 
the  slip  plane  was  ambiguous.  Because  of  the  orientation  of  the 
nearby  Calaveras  and  Concord  faults,  Lee  and  others  (1971) 
presumed  the  northwest -oriented  fault  plane  was  the  slip  plane. 

The  1990  "Alamo"  swarm  demonstrated  that  this  assumption 
may  not  be  correct.  The  distribution  of  earthquakes  shows  that 
this  sequence  ruptured  a  vertical  fault  that  is  oriented  nearly 
orthogonal  to  the  trend  of  the  Calaveras  and  Concord  faults 
(Figures  3  and  5),  and  the  focal  mechanisms  indicate  left- 
lateral  slip  (Figure  4).  Conventional  Mohr-Coulomb  failure 
theory,  however,  predicts  that  conjugate  strike-slip  faults 
should  intersect  at  angles  of  60°  and  120°  for  typical  values  of 
rock  friction.  Thatcher  and  Hill  (1991)  describe  similar  orthog- 
onal faults  along  the  southern  San  Andreas  fault  where  the 
1987  Superstition  Hills  earthquake  sequence  occurred  and  in 
central  Honshu,  Japan.  They  speculate  that  this  fault  geometry 
arises  either  from  progressive  fault  rotation  over  time  or  from 
the  response  of  the  brittle  crust  to  ductile  processes  at  depth. 
The  observed  orientation  of  faults  in  the  Calaveras-Concord 


stepover  region  also  suggests  a 
higher  degree  of  complexity  than 
considered  in  existing  models  of  the 
mechanics  of  stepover  regions  (Seg- 
all  and  Pollard,  1980).  Weaver  and 
Hill  (1978/79)  proposed  that  this 
region  was  a  local  crustal  spreading 
center  because  of  the  dextral  offset 
between  two  presumed  dextral  strike- 
slip  faults;  earthquakes  with  normal 
focal  mechanisms,  however,  have 
rarely  been  observed  during  the  last 
two  decades. 

Several  locales  in  the  East  Bay  also 
exhibit  reverse  faulting  on  northwest-oriented  planes. 
Some  of  the  earthquakes  along  the  Hayward  fault  near 
San  Leandro  have  reverse  focal  mechanisms,  notably 
a  ML4.l  earthquake  on  March  27,  1984.  There  are  few 
strike-slip  focal  mechanisms  for  earthquakes  occur- 
ring directly  on  the  Calaveras  fault  north  of  the  Cala- 
veras Reservoir.  Rather,  the  diffuse  seismicity  within 
a  few  kilometers  of  the  fault  generally  exhibits  reverse 
mechanisms.  These  seismic  observations  are  consis- 
tent with  the  geologic  findings  of  Montgomery  and 
Jones  (1992)  who  observed  high-angle  reverse  faults 
east  of  the  Calaveras  fault  that  have  been  active  since 
the  Pleistocene. 

The  cross-sections  of  seismicity  in  Figure  3  show  that 
the  depth  of  the  seismogenic  zone  is  variable  through- 
out the  region  and  also  along  the  same  fault.  For  exam- 
ple, the  maximum  depth  of  seismicity  on  the  Hayward 
fault  ranges  from  approximately  10  to  13  km,  whereas 
the  seismicity  in  the  vicinity  and  north  of  Antioch 
extends  to  depths  of  20-25  km  (Wong  and  others. 
1988).  Sibson  (1984)  discusses  how  these  broad  variations  in 
maximum  depth  of  seismicity  can  arise  from  variations  in 
heat  flow,  constitutive  properties,  strain  rates,  and  fluid 
pressure.  If  the  rock  below  the  maximum  depth  of  microseis- 
micity  is  ductile,  then  it  should  be  incapable  of  supporting 
shear  stress  leading  to  an  earthquake.  However,  the  cross- 
section  of  the  seismicity  in  the  stepover  region  (Figures  3  and 
5)  shows  that  the  notion  of  the  maximum  seismogenic  depth 
is  more  complex.  The  earthquake  swarms  terminate  abruptly 
at  a  depth  of  10  km,  yet  scattered  seismicity  reappears  within 
a  depth  range  of  15- 19km. 

The  occurrence  of  these  deep  earthquakes  does  not  appear 
to  be  correlated  in  time  with  the  swarm  activity,  and  thus  is 
probably  not  due  to  an  increased  strain  rate  arising  from  the 
more  shallow  earthquakes.  Rather,  we  believe  that  the  cessa- 
tion of  faulting  at  10  km  depth  reflects  the  effect  of  increas- 
ing temperature  for  a  particular  rheology.  The  deeper  seis- 
micity may  reflect  the  presence  of  rock  with  a  different  tem- 
perature-dependent rheology,  such  that  it  remains  brittle  at 
higher  temperatures  (Chen  and  Molnar.  1983).  Changes  in 
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rock  type  can  be  recognized  by  varia- 
tions in  seismic  velocities,  and  seismic 
refraction  data  recorded  nearby  does 
indicate  pronounced  vertical  variations 
in  velocity  (Walter  and  Mooney,  1982). 
Walter  and  Mooney,  however,  demon- 
strate that  the  depth  of  the  seismic  ve- 
locity increase  is  poorly  constrained, 
and  it  is  not  certain  whether  the  10  km 
depth  where  the  seismicity  ceases  coin- 
cides with  the  depth  where  a  change  in 
velocity  occurs. 

DISCUSSION 

Mount  and  Suppe  (1987),  Zoback 
and  others  (1987),  and  Oppenheimer 
and  others  (1988)  demonstrated  that 
the  axis  of  maximum  principal  stress  in 
central  California  is  oriented  nearly 
orthogonal  to  the  strike  of  the  San  An- 
dreas fault.  This  stress  field  is  believed 
to  arise  as  a  consequence  of  the  low 
shear  strength  of  the  faults  of  the  San 
Andreas  system.  It  produces  right- 
lateral  faulting  on  the  north-trending 
vertical  fractures  when  the  minimum 
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Figure  3.  Cross-sections  of  seismicity  shown  in  Figures  2  and  5.  No  vertical  exaggeration. 
Cross-sections  A-A'  and  B-B'  traverse  entire  East  Bay  region.  Cross-section  C-C  depicts 
first  month  of  aftershocks  of  Mt.  Lewis  earthquake.  Bottom  row  depicts  data  for  selected 
time  intervals  in  stepover  region  of  Figure  5. 


principal  stress  axis  is  horizontal.  It  also  produces  re- 
verse motion  on  dipping  fractures  which  strike  parallel 
to  the  Hayward  and  Calaveras  faults  when  the  minimum 
principal  stress  axis  is  vertical.  North-trending,  vertical, 
strike-slip  faults  appear  to  be  representative  of  the  tec- 
tonic fabric  of  the  region  east  of  the  Calaveras  fault  and 
south  of  the  Tesla  and  Verona  faults,  but  such  faults  also 
occur  in  other  areas  of  the  East  Bay.  This  "fault-normal" 
state  of  stress,  however,  does  not  explain  the  occurrence 
of  faults  like  those  observed  in  the  stepover  region. 


Geodetic  observations  throughout  the  San  Francisco 
Bay  region  by  Lisowski  and  others  (1991)  demonstrate 


Figure  4.  Representative  focal  mechanisms  for  seismicity  shown  in 
Figure  2.  Mechanisms  are  lower  hemisphere,  equal-area  projec- 
tions calculated  from  P  first-motions  using  FPFIT  (Reasonberg  and 
Oppenheimer,  1985).  Compressional  quadrant  is  shaded.  Mini- 
mum magnitude  is  2.0;  minimum  number  of  first-motion  readings  is 
35.  AL-ML4.2  at  Alamo,  BR-M^4.3  at  Briones  Reservoir,  LV1-/WL5.4 
Livermore  main  shock,  LV2-/Wt5.1  Livermore  aftershock,  ML-/WL5.7 
Mount  Lewis  mainshock,  SL-/Wt4.1  at  San  Leandro. 
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Figure  5.  Seismicity  of  right  stepover  region  between  the  Calaveras  and  Concord 
faults.  Earthquake  symbols  are  plotted  as  a  function  of  time  and  magnitude.  Earth- 
quakes within  rectangular  region  are  shown  in  cross  section  in  Figure  3. 


that  the  East  Bay  is  an  integral  part  of  the  "San  Andreas  fault 
system".  Their  calculation  of  the  horizontal  velocity  field 
parallel  to  the  strike  of  the  Hayward  and  Calaveras  faults 
indicates  relative  motion  of  20  mm/yr  linearly  distributed 
across  the  region  from  the  San  Andreas  fault  to  Livermore, 
but  no  significant  convergent  motion  across  the  region  in  a 
direction  perpendicular  to  these  faults.  Yet,  two  of  the  largest 
earthquakes  during  the  last  two  decades  in  the  East  Bay 
(Livermore  and  Mt.  Lewis)  have  occurred  on  north-trending 
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faults  which  accommodate  fault-normal  stress. 
The  implication  of  the  geodetic  data  is  that  faults 
like  the  Hayward  and  Calaveras  continue  to 
accumulate  strain  at  much  higher  rates  than  the 
faults  oriented  to  relieve  the  convergent  compo- 
nent. Over  longer  time  intervals  we  should  expect 
most  of  the  large  earthquakes  to  occur  on  the 
Hayward  and  Calaveras  faults. 

Many  of  the  earthquake  sequences  observed  in 
the  East  Bay  are  ephemeral,  lasting  only  months 
to  years.  In  addition,  the  relatively  short  obser- 
vation period  in  relation  to  the  duration  of  the 
seismic  cycles  of  the  various  faults  in  the  East 
Bay  makes  it  likely  that  significant  earthquakes 
will  occur  in  this  region  that  are  not  currently 
expressed  in  the  seismicity  of  the  past  two 
decades.  One  of  the  important  lessons  of  the 
Loma  Prieta  earthquake  is  that  large,  infrequent 
earthquakes  can  rupture  blind  faults  with  little  or  no  back- 
ground seismicity.  Not  only  are  the  orientations  of  such 
faults  difficult  to  predict  in  advance  in  complexly  faulted 
regions  such  as  the  East  Bay,  but  their  occurrence  can 
suddenly  change  our  interpretation  of  the  seismotectonics  of 
a  region.  Given  the  evidence  for  fault-normal  compression, 
reverse  faulting  in  the  Quaternary,  and  uplift  in  the  East  Bay 
hills,  we  should  seriously  consider  the  possibility  of  infre- 
quent ruptures  on  blind,  reverse  faults  situated  between  the 
major  strike-slip  faults. 
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CONCLUSION 

The  principal,  northwest-oriented,  vertical,  right-lateral 
strike-slip  faults  in  the  East  Bay  region  are  required  by 
geodetic  studies  to  play  the  dominant  role  in  the  release  of 
tectonic  strain  over  time.  However,  evidence  of  strain  accu- 
mulation orthogonal  to  the  Hayward,  Calaveras,  and  Con- 
cord faults  is  clearly  manifest  in  the  recent  seismicity.  Over 
the  past  two  decades  secondary  faults  have  produced  signifi- 
cant earthquake  sequences  that  reflect  this  convergent 
motion.  These  sequences  most  frequently  occurred  on  north- 
trending  vertical,  right-lateral  strike-slip  faults,  but  such 
motion  has  also  been  observed  on  reverse  faults  which  strike 
parallel  to  the  Hayward  and  Calaveras  faults.  In  addition, 
step-overs  are  common  along  faults,  as  well  as  from  one 
fault  system  to  another.  The  faults  within  the  stepover 
regions  tend  to  produce  earthquake  swarms,  and  the  me- 
chanics within  these  stepover  regions  is  quite  complex. 
These  fault  orientations  and  slip  directions  are  the  likely 
result  of  the  low  shear  strength  of  the  principal  faults. 
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Tectonic  Significance  of  the  Neogene  Berkeley  Hills 

Fold  and  Thrust  Belt 


by 
David  L.  Jones1  and  Earl  Brabb2 


ABSTRACT 

The  eastern  slope  of  the  Berkeley  Hills  north  of  Hayward  is  marked  by  the  presence  of  a  young  east- 
verging  fold  and  thrust  belt  that  parallels,  and  roots  within,  the  Hayward  fault  zone.  Major  strands  of  this 
fault  system  include  the  Moraga  thrust,  Redwood  Canyon  fault,  Miller  Creek  fault,  Bollinger  thrust,  and  part 
of  the  Wildcat  fault.  Western  strands  imbricate  Upper  Cretaceous  strata,  including  the  Pinehurst  Shale 
which  is  repeated  at  least  five  times;  central  strands  place  Upper  Cretaceous  rocks  on  Miocene  sedimenta- 
ry and  volcanic  rocks;  and  the  Moraga  thrust  juxtaposes  dissimilar  sequences  of  Miocene  and  younger 
strata  that  could  not  have  formed  in  their  present  close  proximity.  South  of  Hayward  these  faults  coalesce 
to  form  the  Palomares  fault  that  appears  to  join  the  Calaveras  fault  near  Sunol  Valley.  Detailed  studies  of 
the  Miller  Creek  fault  reported  by  Wakabayashi  and  others  (1991)3,  suggest  that  Holocene  deposits  may  be 
offset  by  that  structure. 

The  total  amount  of  contractile  displacement  by  folding  and  thrusting  across  the  Berkeley  Hills  belt  is  not 
determined;  strong  stratigraphic  contrasts  across  several  strands  suggest  that  significant  displacement 
(tens  of  km  or  more)  must  have  occurred,  but  this  is  probably  the  result  of  combined  strike-slip  and  thrust 
movements.  Further  studies  are  underway  in  order  to  assess  the  potential  seismic  risks  posed  by  these 
structures. 


1  Department  of  Geology  and  Geophysics,  University  of  California,  Berkeley,  CA  94720 

2  U.S.  Geological  Survey,  345  Middlefield  Road,  MS  975,  Menlo  Park,  CA  94025 

3  Wakabayashi,  John,  Hamilton,  D.H.,  and  Smith,  D.L.,  1991,  Miller  Creek  and  related  faults,  eastern  San 

Francisco  Bay  Area,  California:  Seismotectonic  significance  [abs.]:  Abstracts  with  Programs,  1991 
Geological  Society  of  America  Annual  Meeting,  San  Diego,  CA,  p.  A84  (see  also  p.  345,  this  volume). 


17 


Anima,  R.J. ,  Williams,  P.L. ,  and  McCarthy,  Jill,  1 992,  High  resolution  marine  seismic  reflection  profiles  across  East  Bay  faults  [abs.], 
in  Borchardt,  Glenn,  and  others,  eds.,  Proceedings  of  the  Second  Conference  on  Earthquake  Hazards  in  the  Eastern  San 
Francisco  Bay  Area:  California  Department  of  Conservation,  Division  of  Mines  and  Geology  Special  Publication  113,  p.  18. 


High  Resolution  Marine  Seismic  Reflection  Profiles 

Across  East  Bay  Faults 

by 
Roberto  J.  Anima1,  Patrick  L.  Williams2,  and  Jill  McCarthy1 


ABSTRACT 

To  examine  shallow  subsurface  faults  beneath  San  Francisco  Bay,  over  200  km  of  high-resolution  seismic 
reflection  profiles  were  collected  during  the  Bay  Area  Seismic  Imaging  experiment  (BASIX)  cruise  aboard  the 
R/V  S.P.  Lee.  A  second  cruise  using  the  FW  David  Johnston  was  conducted  to  collect  more  high-resolution 
lines  in  areas  that  indicated  subbottom  offsets  and  other  structures  during  the  BASIX  cruise.  The  high- 
resolution  profiling  was  intended  to  image  the  shallow  structural  framework  (10-100  m)  associated  with  major 
East  Bay  faults.  The  tracklines  on  both  cruises  crossed  the  Hayward,  Calaveras/Concord,  and  Antioch 
faults.  The  data  reveal  clear  expressions  of  deformation  that  coincide  with  mapped  faults,  gravity  surveys, 
and  monitored  seismic  patterns. 

Preliminary  findings  are  as  follows:   1)  No  expression  was  found  of  the  Antioch  fault  adjacent  to  the 
mapped  location  of  the  fault  onshore.  A  prominent  folded  and  faulted  zone  was  imaged  5.5  km  farther  west, 
near  Pittsburg.  This  fault  zone,  here  named  the  "Montezuma  fault  zone,"  coincides  with  a  clear  NNW-trend- 
ing  zone  of  earthquake  epicenters.  2)  In  eastern  San  Pablo  Bay,  a  prominent  fault  was  discovered  that  may 
link  the  Rodgers  Creek  fault  with  the  Pinole  fault.  This  offshore  fault  abuts  a  wide  zone  of  west-dipping 
Pleistocene  (?)  beds  that  coincide  with  a  subsurface  basin  expressed  by  a  negative  gravity  anomaly.  3)  To 
date,  no  single  expression  of  faulting  is  ascribed  directly  to  the  Hayward  fault.  What  has  been  found  is  a 
wide  zone  of  near  surface  block  faulting  that  may  express  the  Hayward  fault  zone  in  San  Pablo  Bay. 


'  U.S.  Geological  Survey,  345  Middlefield  Road,  MS  999,  Menlo  Park,  CA  94025 
2  Earth  Sciences  Division,  Lawrence  Berkeley  Laboratory,  Berkeley,  CA  94720 
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Late  Quaternary  Stratigraphy  of  the  East  Bay  Plain 

by 
J.  David  Rogers1  and  Sands  H.  Figuers1 


ABSTRACT 

To  better  understand  the  observed  variations  in  strong  motion  site  response  during  the  1989 
Loma  Prieta  earthquake,  we  undertook  a  study  to  collect  and  evaluate  available  subsurface  infor- 
mation on  the  East  Bay  margins  from  San  Leandro  to  Richmond.  The  subsurface  data  were  corre- 
lated and  compiled  into  a  series  of  contoured  regional  depth  and  thickness  (isopach)  maps.  Sever- 
al key  points  emerged  from  the  study.  Instead  of  just  one,  there  are  a  series  of  older  bay  muds 
extending  down  to  100m  below  the  East  Bay  Area.  The  effect  of  these  units  on  the  seismic  re- 
sponse of  the  area  is  unknown.  The  study  also  documented  significant  lithologic  variations  over 
short  distances.  This  finding  brings  into  question  the  current  practice  of  estimating  site  specific 
seismic  properties  based  upon  regional  stratigraphic  descriptions.   In  addition,  it  is  found  that 
Young  Bay  Mud,  deposited  upon  the  late  Pleistocene  topography  of  the  Bay,  can  cause  large  com- 
plications of  strong  ground  motion  during  Bay  area  earthquakes,  although  two  and  three-dimen- 
sional basinal  effects  may  locally  exert  anomalous  site  response. 


INTRODUCTION 

A  unique  aspect  of  the  October  17,  1989  Loma  Prieta  earth- 
quake of  magnitude  7.1  was  the  extensive  structural  damage 
and  highly  variable  ground  response  observed  in  the  Oakland- 
East  Bay  plain,  approximately  100  kilometers  (km)  north  of 
the  quake's  epicenter.  Strong  motion  recorders  on  Yerba  Bue- 
na  and  Treasure  Islands  registered  motions  with  250%  vari- 
ance over  a  separation  of  914  meters.  A  container  wharf  at  the 
Port  of  Oakland  recorded  peak  round  accelerations  (PGA)  of 
between  0.27g  and  0.29g  (horizontal).  These  ground  amplifi- 
cation effects  appeared  to  be  ascribable  to  site  geology.  To  test 
this  idea,  the  National  Earthquake  Hazard  Reduction  Program 
(NEHRP)  funded  a  study  to  analyze  the  subsurface  geology  of 
the  greater  Oakland  area.  The  study  included  collection  of 
published  and  unpublished  subsurface  information.  Informa- 
tion was  collected  on  more  than  200  deep  wells,  ranging  in 
depth  from  30  to  300  meters,  extending  form  Hayward,  north 
to  Richmond  (Figure  1).  The  well  information  was  entered 
into  a  computerized  well  data  base.  The  data  base  was  config- 
ured to  be  compatible  with  the  existing  U.S.  Geological  Sur- 
vey well  data  base  at  Menlo  Park,  CA.  The  data  were  then 
used  to  characterize  the  subsurface  stratigraphy  of  the  Oak- 


land-Alameda area.  The  resulting  maps  have  provided  the 
first  detailed  look  at  the  area's  regional  geologic  framework 
that,  when  combined  with  detailed  site-specific  subsurface 
data,  will  enable  a  better  understanding  of  both  past  and  future 
site  response  variances. 

OBSERVED  LEVELS  OF  SHAKING 

The  Loma  Prieta  earthquake  occurred  at  5:05  p.m.  local  time 
on  Tuesday  October  17,  1989.  Maximum  recorded  site  re- 
sponse was  approximately  15  seconds  95  to  105  km  to  the 
north,  in  San  Francisco  and  Oakland.  Strong  motion  records 
recovered  from  five  structures  in  the  Oakland- Alameda  area 
showed  peak  ground  acceleration  (PGA)  values  of  between 
0.1 8g  and  0.29g.  Ground  amplification  effects  were  very  ap- 
parent when  evaluating  adjacent  strong  motion  records.  For 
instance,  the  recorder  on  Yerba  Buena  Island,  situated  near 
bedrock  on  colluvial  blow  sands,  measured  a  PGA  value  of 
0.06g.  The  recorder  on  hydraulic  sand  fill,  only  914  meters 
away,  registered  0.1 6g  before  its  record  was  obliterated  by 
massive  ground  disturbance.  The  dramatic  variance  in  amplifi- 
cation between  adjacent  rock  and  mud  sites  can  be  readily 
appreciated. 


1  Rogers/Pacific,  Inc.,  396  Civic  Drive,  Pleasant  Hill,  CA  94523-1921 
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STRATIGRAPHIC  UNITS 

To  fully  appreciate  the  po- 
tential effects  of  soft  "soil 
cover"  on  the  amplification  of 
seismic  waves,  it  is  first  neces- 
sary to  know  the  approximate 
depth,  density  and  geophysical 
wave  propagation  properties  of 
the  geologic  units  mantling 
higher-density  "bedrock  base- 
ment". In  the  study  area,  the 
dominant  overlying  geologic 
units  with  respect  to  seismic 
site  response  are  those  deposit- 
ed in  the  past  125,000  years: 
the  Yerba  Buena  (Old  Bay) 
Mud,  the  San  AntoniolPoseyl 
M  err  in  formation,  the  Young 
Bay  Mud,  the  Te mescal  forma- 
tion and  the  recent  bay  fills. 

Franciscan 

Basement 

Topography 

In  the  San  Francisco  Bay 
depression,  a  veneer  of  uncon- 
solidated late-Pleistocene  sedi- 
ments lies  upon  dense  "bed- 
rock" of  the  Franciscan  as- 
semblage. Figure  2  presents  a 
structural  contour  map  show- 
ing the  approximate  depth 
below  sea  level  of  the  Fran- 
ciscan basement  between  San 
Lorenzo  and  Richmond.  A 
conspicuous  bedrock  depres- 
sion exists  beneath  Bay  Farm 
Island  and  Oakland  Interna- 
tional Airport.  This  was  first 
suggested  by  Radbruch  (1957). 
Extending  from  the  north  side 
of  this  depression  is  a  north- 
west-trending trough  that  cuts  beneath  west  Oakland  and  the  I- 
880  Cypress  Structure.  Established  gravity  surveys  confirm 
the  overall  shape  of  the  bedrock  depression.  Initially,  it  was 
thought  that  the  depression  formed  under  simple  east-west 
extension,  between  the  proto  San  Andreas  and  Hayward  fault 
systems.  However,  such  a  model  presents  significant  bound- 
ary problems,  and  a  pull-apart  model  (Figure  3)  was  found  to 
be  more  plausible.  Page  and  Tabor  (1967)  formerly  proposed 
such  a  model  for  the  areas  surrounding  San  Francisco  Bay. 
The  data  developed  during  our  study  provides  at  least  partial 
validation  of  their  model. 


Figure  1 .  Map  showing  the  locations  of  over  200  deep  borings  and  wells  utilized  in  this  study.  These 
borings  ranged  in  depth  from  36  to  315  meters  below  sea  level,  and  extended  along  the  East  Bay 
margin  from  Hayward,  north  to  Richmond. 


Alameda  Formation 

The  Alameda  formation  was  the  initial  unit  deposited  upon 
dissected  Franciscan  bedrock  when  the  area  began  down- 
dropping  between  1  and  .5  Ma.  Little  is  known  about  the  for- 
mation. Previous  studies  (Lawson,  1914;  Trask  and  Rolston, 
1951;  Atwater  and  others,  1977)  described  only  the  upper  30 
meters  or  so,  of  the  unit.  Selective  infilling  of  the  Alameda 
units  has  occurred  upon  the  disectcd  bedrock  surface  and 
within  the  down-dropped  pull-apart  basin.  The  Alameda 
reaches  thicknesses  of  over  274  meters  beneath  the  Oakland 
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Figure  2.  Preliminary  structure  contour  map  of  the  Franciscan  bedrock  basement  underlying  central  San  Francisco  Bay 
and  its  margins.  Only  the  deepest  wells  penetrate  the  basement,  in  some  places  over  305  meters  below  sea  level.  The 
wells  utilized  for  this  plot  and  their  respective  penetration  depths  are  shown.  Data  for  the  San  Francisco  shoreline  has  been 
taken  from  the  work  of  others,  most  notably  Hensolt  (1990),  Schlocker  (1971)  and  Bonilla  (1964). 
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International  Airport,  thinning  to  less  than  122  meters  beneath 
the  southern  end  of  what  was  the  1-880  Cypress  Structure.    Of 
interest  is  the  apparent  existence  of  a  continuous  deep  channel 
incised  into  the  upper  part  of  the  Alameda  formation.  This 
channel  is  up  to  61  meters  deep,  and  appears  to  have  two 
branches.  The  geometry  of  the  channel  suggests  that,  at  the 
end  of  Alameda  time,  the  San  Francisco  Bay  area  drained 
through  the  San  Bruno  Channel  (Rogers  and  Figuers,  1991) 
that  formed  between  the  San  Andreas  and  East  San  Andreas 
faults  (or  San  Bruno  fault  of  Bonilla,  1964).  By  the  end  of 
Alameda  time  the  present  overall  shape  of  San  Francisco  Bay 
had  essentially  formed. 

Yerba  Buena  (Old  Bay)  Mud 

The  Yerba  Buena  Mud  is  wide-spread,  homogenous,  and 
easily  identified.  It  is  similar  to  the  marine  muds  deposited  in 
the  San  Francisco  Bay  today.  The  Yerba  Buena  Mud  is  found 
beneath  virtually  all  of  downtown  Oakland  and  as  far  inland 
as  the  Hayward  BART  Station  (Sloan  and  Aubry,  1991).  The 
Yerba  Buena  Mud  is  comprised  primarily  of  a  grey  marine 
mud,  but  a  thin  (3  to  4  meters  thick)  sandy,  shell-rich  zone  is 
commonly  found  in  the  middle  of  the  unit.  The  Yerba  Buena 
Mud  infills  valleys  and  depressions  cut  into  the  underlying 
Alameda  formation  landscape.  Our  studies  suggest  that  maxi- 
mum thicknesses  in  excess  of  30  meters  were  preserved  in  a 
broad  channel  beneath  the  Hayward-San  Mateo  Bridge  align- 
ment, and  in  a  similar  sized  channel  beneath  the  San  Fran- 
cisco-Oakland Bay  Bridge,  just  east  of  Yerba  Buena  Island. 
However,  there  is  no  apparent  main  trunk  channel  developed 
upon  the  Yerba  Buena  Mud  along  the  Hayward-San  Mateo 
Bridge  alignment.  Instead,  the  Yerba  Buena  Mud  surface  ap- 
pears planar  and  un-dissected.  In  assessing  the  stratigraphy 
beneath  the  Southern  Crossing,  Hayward-San  Mateo  and 
Dumbarton  bridge  alignments,  Atwater  and  others,  1977)  also 
found  the  Yerba  Buena  surface  (their  unit  "Qpe")  to  be  little 
incised,  apparently  having  been  rapidly  covered  by  alluvial 
sediments  of  the  San  Antonio  formation,  or  its  stratigraphic 
equivalents. 

San  Antonio  Formation 

The  term  San  Antonio  formation  was  originally  coined  by 
Trask  and  Rolston  (1951)  to  describe  a  thick  expanse  of  estua- 
rine  and  alluvial  sediments  lying  between  the  older  Alameda 
formation  and  Young  Bay  Muds.  The  San  Antonio  sediments 
were  deposited  in  a  complex  and  ever-changing  depositional 
environment  that  ranged  from  alluvial  fans  to  flood  plains  to 
lakes  to  swamps  to  beaches.  Within  the  uppermost  portion  of 
the  San  Antonio  are  old  broad  channels  infilled  with  firm 
sandy  clay  underlain  by  a  sandy  channel  fill  called  the  Posey 
sand,  Posey  formation,  or  Posey  member  of  the  San  Antonio. 
The  Merrill  sands  overlay  alluvial  deposits  of  the  San  Anto- 
nio, draping  over  old  channel  banks  along  the  San  Antonio 
estuary.  Individual  units  arc  discontinuous  and  difficult  to 
correlate  over  distance.  Of  particular  interest  is  the  apparent 


reactivation  of  the  old  pull-apart  basin  margin,  along  the  East 
Bay  shore,  south  of  San  Leandro.  The  well  logs  record  a  con- 
sistent 15  meter  north-to-south  drop  of  the  San  AntoniofYerba 
Buena  contact  (between  the  Oakland  Coliseum  and  central 
San  Leandro).  An  alternative  explanation  would  be  the  hydro- 
compaction  of  the  thick  sequence  of  sediments  filling  this 
basin. 

Young  Bay  Mud 

Following  rises  in  sea  level  1 1,000  and  8,000  years  ago,  the 
stream  valleys  incised  into  the  Merritt,  Posey  and  San  Antonio 
formation  were  soon  filled  with  estuarine  mud,  known  as 
Young  Bay  Mud  (V/hhworth,  1932;  Trask  and  Rolston,  1951; 
Treasher,  1963).  Infilling  of  the  Bay  is  depicted  schematically 
in  Figure  3  and  structure  contours  of  the  base  of  this  Young 
Bay  Mud  is  shown  on  Figure  4.  These  recent,  unconsolidated 
muds  were  initially  deposited  in  quiet  water  with  high  initial 
void  ratios  and  low  unit  densities.  Along  the  San  Francisco 
Embarcadero  Young  Bay  Mud  is  divisible  into  three  distinct 
members;  lower,  middle  and  upper;  each  more  saline  than  its 
predecessor.  Young  Bay  Mud  reaches  a  maximum  thicknesses 
of  about  36  meters  (100',  Figure  4)  in  the  main  South  Bay 
trunk  channel,  east  of  China  Basin  and  Hunter's  Point  (Gold- 
man, 1969). 

Temescal  Formation 

A  distinctive  younger  alluvial  unit,  known  as  the  Temescal 
formation  (Radbruch,  1957,  1969)  overlies  San  Antonio  allu- 
vium, and  occurs  as  inset  terraces  in  incised  East  Bay  alluvial 
channels.  More  fine-grained  than  the  underlying  San  Antonio, 
the  Temescal  is  almost  wholly  comprised  of  silt  and  clay, 
which  contains  noticeable  amounts  of  the  swelling  clay  miner- 
al montmorillonite.  The  Temescal  formation  is  readily  identifi- 
able by  its  mottled,  variegated  color;  intertwined  yellowish- 
ochre  color  (oxidized)  with  its  original  olive  grey  (likely  unox- 
idized)  color.  In  the  latest  stream  system  adjustments  within 
the  study  area,  the  San  Antonio-Glen  Echo-Trestle  Glen  Creek 
system  join  at  Lake  Merritt  and  have  collectively  cut  a  new 
channel  through  the  Merritt  Sands  called  San  Antonio  Slough. 
This  present-day  channel  lies  approximately  610  meters  north 
of  the  late  Wisconsin-age  channel,  which  formerly  ran  directly 
beneath  what  is  now  Alameda  Naval  Air  Station. 

Artificial  Fill 

Development  of  the  Oakland  area  has  resulted  in  a  progres- 
sive in-filling  of  the  natural  Bay  margins.  The  waterfront  was 
progressively  encroached  upon  from  downtown  Oakland  in 
order  to  create  commercial  properties  along  the  San  Antonio 
estuary.  Following  the  1906  San  Francisco  earthquake,  infill- 
ing of  the  tidal  flats  began.  Most  of  the  fill  came  from  hydrau- 
lic dredging  of  Merritt  Sand.  In  1 94 1 ,  the  Army  Corps  of  En- 
gineers and  the  Port  combined  to  place  approximately  5  mil- 
lion cubic  meters  of  fill  in  the  Bay  to  create  the  Army's  Oak- 
land Terminal  (Hamilton  and  Boyce,  1946).  Fill  material  came 
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STRUCTURE     CONTOUR      MAP 
ON     BASE     OF 
YOUNG      MUD       FORMATION 

DATUM: SEA    LEVEL 
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Figure  4  Structure  contours  (below  sea  level)  on  the  base  of  the  Young  Bay  Mud.  This  plot  should  represent  the  Bay 
ground  surface  at  the  close  of  the  Wisconsin  glacial  stage,  1 1 ,000  years  ago.  The  incised  channels  of  Temescal,  San 
Antonio  and  San  Leandro  Creeks  can  be  clearly  seen,  as  is  the  main  trunk  channel  west  of  Yerba  Buena  Island.  Note 
how  far  inland  the  Young  Bay  Mud  appears  to  extend. 
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Figure  5.  Schematic  section  view  (with  17:1  vertical  exaggeration)  looking  at  typical  stratigraphic  relationships  across  the  eastern 
shoreline  of  central  San  Francisco  Bay.  At  least  three,  and  possibly  four,  landward  transgressions  of  late  Pleistocene  seas  are 
recorded  in  the  upper  (marine)  Alameda  formation.  During  glacial  sea  stands  local  channels  appear  to  have  deeply  incised 
themselves,  later  filling  with  muds  during  the  high  sea  stands  of  the  short-lived  interglacial  periods,  approximately  every  100,000 
years. 


from  several  sources:  dredged  sand  was  hydraulically  placed; 
rock  fill  for  seawalls  was  imported  by  barge;  and  from  quar- 
ries near  Lake  Temescal  and  near  Oak  Knoll  Naval  Hospital. 
With  construction  of  the  Eastshore  Freeway  in  the  mid- 
1950's,  the  shorelines  were  basically  set  as  they  appear  today. 

REPRESENTATIVE  CROSS  SECTIONS 

Regional  cross  sections,  across  the  San  Francisco  Bay  were 
prepared  as  part  of  the  study.  From  the  cross-sections,  it  be- 
came clear  that  the  Bay  depression  is  very  slight  in  compari- 
son to  the  region's  size  (a  factor  long  espoused  by  Page, 
1991).  In  Figure  3,  a  real-scale  section  shows  just  how  insig- 
nificant the  Franciscan  bedrock  depression  is  with  respect  to 


the  Bay's  width  (it  is  27  kilometers  between  the  San  Andreas 
and  Hayward  faults).  Only  5%  extension  is  necessary  to  create 
the  depression  as  we  currently  understand  it.  There  is  little 
doubt  that  the  East  Bay  plain,  and  the  Bay  block  itself,  are 
integrally  tied  to  the  San  Andreas  and  Hayward-Calaveras 
fault  systems. 

As  can  be  seen  schematically  from  Figure  5,  formation 
names  should  be  used  with  caution,  recognizing  that  local 
environments  of  deposition  and  mechanical  properties  may  be 
different  than  what  is  commonly  implied  by  a  formation  as- 
signment. If  formations  were  identified  solely  on  down-hole 
log  characteristics,  only  two  formations  would  be  defined:  a 
non-marine  Alameda  and  a  younger,  marine  Alameda. 
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The  Yerba  Buena  Mud  and  Young  Bay  Mud  are  just  the  most 
recent  in  a  series  of  bay  muds.  There  is  no  physical  difference 
between  them  and  the  upper  Alameda  muds  except  age  and 
slight  densification.  It  follows  that  just  because  the  Young  Bay 
Mud  is  not  present  at  a  site,  one  should  still  assume  that  there 
is  a  potential  for  ground  amplification  at  the  site,  due  to  the 
likely  presence  of  older  muds  underlying  the  Bay  margins. 

The  continuity  of  units  also  suggests  that  unit  seismic  veloci- 
ty may  be  correctable,  meaning  that  down-hole  logging  could 
provide  a  quick  method  to  make  reasonable  estimates  of  unit 
seismic  velocities  over  a  wide  area.  Downhole  geophysical 
logs  also  provide  a  much  more  precise  pick  of  formation 
boundaries,  as  well  as  better  definition  of  individual  sand  and 
clay  units  than  could  ever  be  identified  by  an  experienced 
well-logging  geologist.  Such  logs  should  be  an  integral  part  of 
any  deep  subsurface  site  evaluation. 

DETAILED  SITE  ASSESSMENTS 

It  may  be  illustrative  to  discuss  what  can  be  garnered  about 
localized  geology  effects  on  seismic  site  response  by  summa- 
rizing two  sites  that  were  subjected  to  enormous  scrutiny  fol- 
lowing partial  collapses  during  the  1989  Loma  Prieta  earth- 
quake. 

1-880  Cypress  Structure 

Our  studies  indicate  that  the  Cypress  Structure  area  was 
located  near  a  shoreline  since  upper  Alameda  time.  As  de- 
scribed earlier,  a  "proto  San  Francisco  Bay"  trough  formed 
beneath  the  south  Oakland-Alameda  area  during  early  Alame- 
da time.  The  trough  filled  with  local,  continentally-derived 
sediments.  These  units  are  seen  today  as  red  and  brown  col- 
ored sands  and  clays  in  the  lower  part  of  Caltrans  Cypress 
Borings  B-2  and  B-8,  drilled  in  late  1989  and  early  1990.  The 
lower  facies  of  the  Alameda  formation  in  the  area  of  the  Cy- 
press Structure  extends  from  the  Franciscan  bedrock  contact 
(163  to  189  meters  deep)  up  to  a  depth  of  about  85  to  91 
meters.  The  entire  zone  has  an  average  shear  wave  velocity  of 
around  518  meters  per  second  (Redpath  1990).  However, 
because  a  shoreline  environment  contains  complex  and  shift- 
ing depositional  patterns,  poor  correlation  between  individual 
units  is  to  be  expected.  Caltrans  Borings  B-7  and  B-8  are  less 
than  30  meters  apart,  yet  only  vague  correlations  between 
units  can  be  made.  The  low  velocity  zone  reported  in  Boring 
B-8  (near  Cypress  bent  78)  at  about  1 14  meters  is  likely  a  lake 
mud  rather  than  an  initial  deposit  of  marine  clay.  This  inter- 
pretation is  supported  by  the  detailed  boring  logs  (of  other 
holes  drilled  by  Caltrans),  as  well  as  the  regional  interpreta- 
tion. 

Eastern  Oakland  Bay  Bridge 

The  eastern  Bay  Bridge  structure  is  in  an  entirely  different 
geologic  environment  than  the  Cypress  Structure.  Our  studies 
suggest  that  the  Bay  Bridge  likely  spans  the  thickest  section  of 


Yerba  Buena  Mud  in  the  Bay  Area  (around  30  to  38  meters). 
The  Young  Bay  Mud  is  12  to  18  meters  thick  across  this  same 
area  (between  Yerba  Buena  Island  and  the  Bay  Bridge  Toll 
Plaza),  which  is  about  normal  considering  its  position  within 
the  confines  of  San  Francisco  Bay.  The  Alameda  formation  is 
only  half  as  thick  (36  to  55  meters)  as  it  is  beneath  the  former 
position  of  the  Cypress  Structure.  Near  Yerba  Buena  Island  it 
appears  to  consist  mainly  of  sands  and  gravels.  There  is  no 
outward  evidence  for  the  marine  units  that  exist  closer  to  the 
eastern  margins  of  the  Bay. 

Along  the  Bridge  alignment  east  of  Yerba  Buena  Island,  the 
Franciscan  basement  drops  steeply,  to  -100  meters  beneath 
Pier  E-3.  From  this  point  the  fall  is  more  gradual,  but  consis- 
tently towards  the  east.  4,572  meters  east  of  Pier  E-3,  the  base- 
ment reaches  a  depth  of  -158  meters  where  Grand  Avenue 
joins  Interstate  80  in  the  Bridge  Toll  Plaza.  At  the  close  of 
Alameda  time,  a  large  valley  (46  to  61  meters  deep)  formed 
just  east  of  Yerba  Buena  Island.  This  valley  was  subsequently 
infilled  with  the  Yerba  Buena  Mud,  the  Young  Bay  Mud,  and  a 
small  percentage  of  M 'err itt  Sand.  These  muds  appear  to  be 
classic  shallow  marine  clays,  not  the  near-shore  units  seen 
closer  to  the  Bay  margin  beneath  the  former  position  of  the 
Cypress  Structure. 


CONCLUSIONS 

Localized  site  response  of  the  greater  Oakland-Alameda 
area  during  the  October  1989  Loma  Prieta  earthquake  was 
more  severe  than  other  areas  at  similar  epicentral  distances 
(with  the  exception  of  San  Francisco's  Marina  District).  The 
reason  for  this  disparity  appears  to  have  been  site-induced 
amplification  of  incoming  seismic  waves.  The  revised  strati- 
graphic  correlations  made  in  the  study  suggest  that  the  Young 
Bay  Mud  is  only  the  youngest  in  a  series  of  marine  muds  that 
may  contribute  to  localized  ground  amplification.  Older  mud 
units,  such  as  the  Yerba  Buena  Mud,  are  actually  more  wide- 
spread, and  in  some  areas,  such  as  beneath  the  Bay  Bridge,  are 
sufficiently  thick  and  low-lying  to  have  survived  subaerial 
erosion  and  desiccation. 

By  evaluating  the  data  taken  from  over  200  deep  borings  in 
the  Oakland  area,  we  have  demonstrated  that  a  significant 
assemblage  of  unconsolidated  continental  and  marine  sedi- 
ments mantle  a  weathered  and  dissected  Franciscan  bedrock 
basement.  The  seismic  velocity  boundary  does  not  always 
mimic  the  geologic  contact,  but  is  controlled  by  the  depth  of 
weathering  of  the  basement  rock.  In  deeply  incised  valleys 
(now  buried  by  Pleistocene  sediments),  the  depth  of  weather- 
ing may  exceed  91  meters.  As  a  consequence,  seismic  explo- 
ration alone  may  be  incapable  of  precisely  locating  the  geo- 
logic contact  between  the  Franciscan  and  the  overlying  sedi- 
ments. It  appears  that  geologic  models  alone  cannot  be  used  to 
create  wave  propagation  models,  as  is  the  currently  accepted 
practice  of  geotechnical  earthquake  engineers. 
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Seismically,  the  upper  Alameda  formation  and  the  Yerba 
Buena  Mud  (Old  Bay  Mud)  can  be  considered  the  same  unit. 
Velocities  tend  to  increase  with  depth,  but  this  is  an  expected 
result  of  natural  compaction  and  lithification  rather  than  a 
change  in  lithology.  This  finding  points  out  the  inherent  prob- 
lem of  utilizing  formation  names  to  define  mechanical  proper- 
ties. Geologic  formations/units  are  described  and  defined 
where  they  are  most  distinct,  but  it  must  be  remembered  that 
the  lithology  of  a  formation/unit  is  rarely  uniform  from  place- 
to-place.  The  changes  can  range  from  subtle  to  major,  but 
variations  are  normal  and  should  be  expected.  Historically,  the 
use  of  a  formation  name  has  tended  to  imply  a  specific  set  of 
parameters  that  may  not  have  any  relationship  to  the  particular 


locality  in  question.  Formation  names  should,  therefore,  be 
used  with  CAUTION,  recognizing  that  the  environment  of 
deposition  and  the  mechanical  properties  may  be  different 
than  what  is  commonly  implied  by  a  Formation  name. 
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Tectonics  of  a  Transpressive  Plate  Boundary:  A  New 
Paradigm  for  the  Central  California  Coast  Ranges 

by 
David  L.  Jones1 


ABSTRACT 

Tectonic  models  of  the  Neogene  evolution  of  the  California  Coast  Ranges  have  concentrated  on  the  importance 
of  strike-slip  faulting,  with  the  San  Andreas  fault  being  viewed  as  a  vertical  structure  that  separates  the  Pacific 
plate  from  the  North  American  plate.  The  presence  of  large-amplitude  folds  and  related  thrust  faults  that  deform 
young  rocks  throughout  the  central  Coast  Ranges,  however,  shows  that  an  important  component  of  contraction 
has  existed  since  Pliocene  time,  and  continues  today.  Each  major  splay  of  the  San  Andreas  fault  system  has  an 
attendant  parallel  thrust  belt  that  roots  within  the  strike-slip  fault  zone  and  dips  either  to  the  east  or  west.  West- 
verging  thrusts  are  blind;  east-verging  thrusts  break  to  the  surface  and  define  pop-up  blocks.  Vergence  of  these 
subsidiary  thrust  belts,  viewed  as  long-term  strain  indicators,  suggests  that  the  San  Andreas  fault  north  of  Gilroy 
dips  to  the  west,  and  the  Hayward,  Calaveras,  and  Greenville  faults  dip  to  the  east.  Replotting  of  earthquake  hy- 
pocenter  data  confirms  this  geometry,  which  suggests  that  these  faults  are  listric  splays  from  a  sub-horizontal  mid- 
crustal  decollement  (shear  zone)  that  marks  the  transition  from  brittle  upper  crust  to  ductile  lower  crust.  Retrode- 
formational  analysis  indicates  that  the  San  Andreas  fault  and  its  splays  also  have  been  displaced  eastward  through 
time  and  do  not  continue  as  vertical  structures  below  the  decollement. 


These  geometrical  relations  impose  important  constraints  on  the  kinematics  of  the  San  Andreas  fault  system  and 
the  mechanism  for  transfer  of  stress  through  the  crust.  One  obvious  conclusion  is  that  the  present  plate  boundary 
between  the  Pacific  plate  and  the  North  American  plate  is  the  mid-crustal  decollement,  not  the  San  Andreas  fault. 
If  so,  this  has  important  ramifications  for  geodynamic  models  and  for  assessment  of  risks  in  seismically  active  re- 
gions such  as  the  central  California  Coast  Ranges.  In  particular,  this  model  suggests  that  thrust  faults  are  still 
active  within  the  Bay  Area,  but  little  consideration  has  been  given  to  assessing  the  risks  posed  by  major  vertical 
displacements. 


1  Department  of  Geology  and  Geophysics,  University  of  California,  Berkeley,  CA  94720 
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Long-term  Displacement  Rates  of  the 

San  Andreas  Fault  System  in  Northern  California 

from  the  6-Ma  Roblar  Tuff 

by 
Andrei  M.  Sarna-Wojcicki1 

ABSTRACT 

The  informally-named,  ca.  6-Ma  Roblar  tuff  is  identified  at  several  sites  in  northern  California  and  the 
northeastern  Pacific  Ocean:  (1)  in  Deep-Sea  Drilling  Hole  34,  at  the  distal  edge  of  the  Delgada  submarine 
fan,  west  of  the  main  strand  of  the  San  Andreas  Fault;  (2)  in  the  Wilson  Grove  Fm.  east  of  the  main  strand, 
west  of  the  Tolay  Fault;  (3)  in  the  Petaluma  Fm.  east  of  the  Tolay  Fault,  west  of  the  Hayward-Rodgers  Creek 
Fault;  (4)  in  the  Contra  Costa  Group  east  of  the  Hayward-Rodgers  Creek  Fault,  northwest  of  the  Sunol- 
Calaveras  Fault;  and  (5)  near  the  base  of  the  Tassajara  Fm.  or  top  of  the  Green  Valley  Fm.  east  of  the 
Sunol-Calaveras  Fault  (Figure  1).  Thus,  the  tuff  is  present  in  each  of  the  major  blocks  displaced  by  the 
northern  San  Andreas  Fault  System  (SAFS). 

The  tuff  is  water  laid,  reworked,  and  from  east  to  west,  present  in  progressively  finer  sediments  (Figure  1 ): 
generally  fluvial  sands  and  gravels  in  the  Tassajara  and  Green  Valley  Formations  (5),  fresh-to  brackish- 
water  sands  and  silts  in  the  Contra  Costa  Group  (4),  estuarine  brackish  water  sands  and  silts  in  the 
Petaluma  Fm.  (3),  shallow-water  marine  sands  and  silts  in  the  Wilson  Grove  Fm.  (2),  and  deep-water  silts 
and  clays  of  the  Delgada  fan  (1).  Thus,  the  sites  at  which  this  tuff  is  found  may  have  once  been  part  of  a 
single,  west-  to  northwest-flowing  drainage  system. 

The  fault-bounded  blocks  of  the  SAFS  can  be  restored  palinspastically  so  that  all  these  tuff  sites  and  areas 
of  coeval  sediments  form  a  narrow,  west  to  northwest-tranding  band.  This  suggests  that  the  tuff  and 
enclosing  sediments  were  originally  small  in  areal  extent,  and  were  displaced  by  right  slip  along  the  SAFS. 
If  these  assumptions  are  correct,  displacements  of  the  SAFS  during  the  last  six  million  years  are: 

Fault  Displacement  (km)  Rate  (cm/yr) 

N.  San  Andreas  (main  trace)                                228       ±13  3.8       ±0.2 

Hayward-Rodgers  Cr.  +  Tolay                                68       ±13  1.1        ±0.2 

Tolay  (inactive)                                                      (40      ±10)  (0.7      ±0.2) 

Hayward-Rodgers  Cr.  (active)                               (28        ±3)  (0.5    ±0.04) 

Concord-Sunol-Calaveras                                      13         ±7  0.2       ±0.1 

N.  San  Andreas  Fault  System  308       ±18  5.1        ±0.3 

Displacement  errors  are  determined  from  the  probable  errors  in  palinspastic  reconstruction  of  the  faulted 
blocks.   Previous  studies  of  the  magnetic  orientation  of  the  Roblar  tuff  indicate  that  there  has  been  little  or 
no  rotation  of  the  blocks  within  the  northern  SAFS,  consequently  most  or  all  of  the  displacement  must  be 
accomplished  by  movement  on  the  fault  strands. 
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Figure  1.  Location  of  sites  (1-5)  containing  the  Roblar  Tuff  in  northern  California,  and  enclosing  coeval 
sediments  (stippled).  Faults:  C  -  Calaveras  and  Sunol-Calaveras;  H  -  Hayward;  H-SG  -  Hosgri-San 
Gregorio;  M  -  Mendocino;  RC  -  Rodgers  Creek;  SA  -  San  Andreas;  T  -  Tolay. 


The  close  agreement  between  total  rate  of  displacement  on  the  San  Andreas  Fault  System  obtained  from 
displacement  of  the  Roblar  tuff  (5.1  cm/yr),  and  from  several  independent  calculations  based  on  other  offsets, 
plate  motions,  and  hot  spot  positions  (4.8  -5.6  cm/yr)  suggest  that  the  assumption  of  initial  proximity  of  the  tuff 
sites,  and  thus  of  their  displacements,  may  be  correct. 


Chapter  2 

Crustal  Strain  and  Earthquake  Process 
in  the  San  Francisco  Bay  Area 
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Distribution  of  Geologic  Slip  and  Creep 

Along  Faults  in  the 

San  Francisco  Bay  Region 

by 
Keith  I.  Kelson1,  William  R.  Lettis1,  and  Michael  Lisowski2 


ABSTRACT 

Compilation  of  published  data  on  long-term  (geologic)  and  short-term  (historic)  slip  rates  on  faults  in  the 
San  Francisco  Bay  region  between  Hollister  and  Santa  Rosa  provides  a  means  to  compare  regional 
deformation  over  different  spatial  and  temporal  ranges  and  to  assess  whether  presently  available  data  are 
sufficient  to  account  for  predicted  relative  plate  motion.  We  resolve  available  geologic  slip  and  creep  rate 
data  into  vector  components  parallel  and  perpendicular  to  predicted  motion  between  the  Sierra  Nevada 
block  and  the  Pacific  plate.  We  select  four  paths  across  the  Bay  region  between  the  Farallon  Islands  and 
Stockton,  and  sum  resolved  components  of  slip  along  each  of  the  paths.  This  analysis  shows  that  cumula- 
tive long-term  deformation  parallel  to  plate  motion  for  all  of  the  paths  ranges  from  about  40  to  44  mm/yr, 
which  is  comparable  to  the  predicted  rate  of  plate  motion  of  39±2  mm/yr  along  N30°W±2°.  We  infer  that  the 
resolved  component  of  geologic  slip  is  accommodated  mainly  by  known  faults  in  the  San  Francisco  Bay 
region  and  that  few  or  no  undetected  faults  with  substantial  lateral  slip  rates  affect  the  region.  Nevertheless, 
cumulative  geologic  slip  vectors  for  each  path  show  that  not  all  of  the  predicted  plate  motion  is  accommo- 
dated along  known  faults  in  the  region.  Calculated  geologic  discrepancy  vectors  (the  vector  difference 
between  the  predicted  plate  motion  and  the  cumulative  geologic  slip  vector)  range  from  about  2  to  5  mm/yr 
along  directions  that  range  from  N79°E  to  S13°E.  Components  of  these  vectors  perpendicular  to  predicted 
plate  motion  direction  (along  S60°W)  range  from  about  -1 .5  to  4  mm/yr,  which  is  consistent  with  small 
amounts  of  shortening  shown  by  analyses  of  geodetic  data  within  the  study  region  and  in  central  California. 
Cumulative  resolved  components  of  creep  along  the  four  paths  indicate  that  only  a  small  portion  of  the 
predicted  plate  motion  is  accommodated  by  creep,  which  supports  the  hypothesis  that  elastic  strain  is 
accumulating,  particularly  in  the  northern  Bay  region. 


INTRODUCTION 

The  Pacific-North  America  plate  boundary  encompasses  a 
broad  region  of  transpressional  and  transtensional  deforma- 
tion that  includes  the  San  Andreas  fault  system,  the  Sierra 
Nevada  microplate  (Argus  and  Gordon,  1991),  and  the 
Basin  and  Range.  Global  plate  motion  models  (Minster  and 
Jordan,  1984,  1987;  DeMets  and  others,  1987,  1990),  data 
from  very  long  baseline  interferometry  (Ward,  1990;  Argus 
and  Gordon,  1991),  geodetic  data  (Lisowski  and  others, 
1991),  and  paleoseismic  data  (e.g.,  Niemi  and  Hall,  1992; 
Lienkaemper  and  others,  1991;  Kelson  and  others,  1992; 
Schwartz  and  others,  1992)  demonstrate  that  the  zone  of 


deformation  at  the  latitude  of  San  Francisco  is  broadly 
distributed  from  the  Farallon  Islands  east  to  central  Utah. 
Most  of  the  deformation,  however,  occurs  within  the  San 
Andreas  fault  system.  The  San  Francisco  Bay  region  is 
located  astride  the  San  Andreas  fault  system,  where  plate 
motion  is  divided  among  several  primary  and  many  second- 
ary faults  (Figure  1).  The  assessment  of  seismic  hazards  in 
the  region,  therefore,  requires  an  understanding  of  the 
distribution  of  strain  between  the  Farallon  Islands  and  the 
Central  Valley,  detailed  information  on  the  loci,  amounts, 
and  styles  of  deformation  on  particular  structures,  and 
analysis  of  whether  the  slip  predicted  by  plate  motion 
models  is  accounted  for  by  known  faults. 


'William  Lettis  &  Associates,  Inc.,  1000  Broadway,  Suite  612,  Oakland,  CA  94607 
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Figure  1 .  Fault  map  of  the  San  Francisco  Bay  region,  showing  integration  paths  (heavy  solid  lines),  widths 
of  geodetic  networks  of  Lisowski  and  others,  (1991),  and  relative  plate  motion  direction  (D.  Argus,  personal 
communication,  1991).  Fault  names  shown  on  Table  1. 


In  this  paper,  we  compare  relative  plate  motion  in  the  San 
Francisco  Bay  region  predicted  by  the  NUVEL-1  model 
with  the  amount  and  orientation  of  observed  geologic  slip 
and  creep  along  mapped  faults.  For  four  integration  paths 
across  the  region,  we  estimate  "discrepancy  vectors"  based 
on  compilation  of  geologic  slip  and  creep  rates  and  compari- 
son to  predicted  plate  motion.  We  address  the  following 
questions  about  crustal  strain  in  the  region: 

(1)  Is  there  a  substantial  discrepancy  between  observed  and 
predicted  cumulative  slip  rates? 

(2)  Do  recognized  faults  account  for  all  or  most  of  the 
predicted  plate  motion,  or  do  other,  as  yet  unrecognized, 
significant  faults  exist  in  the  region? 


(3)  Are  existing  geologic  slip  rates  adequate  for  use  in 
seismic  hazards  assessments? 

(4)  Does  significant  large-scale  crustal  shortening  occur  in 
the  Bay  region? 

METHODS 

Our  general  approach  to  estimating  discrepancy  vectors 
for  the  Bay  region  is  to  resolve  geologic  slip  rates  and 
historic  creep  into  components  parallel  to  and  perpendicular 
to  the  predicted  plate  motion,  and  then  sum  these  two 
components  along  four  paths  that  cross  the  main  plate- 
boundary  zone  (Figure  1).  We  compiled  available  geologic 
slip  and  creep  data  from  published  and  unpublished  sources, 
and  from  discussions  with  current  researchers.  By  nature, 
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Table  2a.   Cumulative  components  of  geologic  slip  parallel  and  perpendicular  to  plate  motion  direction. 


Cumulative  Geologic  Slip 

Cumulative  Geologic 

Geologi 

c 

Path 

Along  N30W 

Along  N60E 

Slip  Vector 

Discrepancy  Vector 

(mm/yr) 

(mm/yr) 

(mm/yr) 

(degrees) 

(mm/yr) 

(degrees) 

NORTHERN 

39.6  ±    5.3 

1.9  +     1.1 

39.8  ±  4.2 

N33W  ±  6 

2+3 

N79E 

NORTH-CENTRAL 

40.9  ±    4.7 

1  ±    0.8 

41.1  ±  3.8 

N31W  ±  6 

2  ±   3 

S58E 

SOUTH-CENTRAL 

42.9  ±    4.7 

1.5  ±     1.3 

43  ±  3.9 

N32W  ±  6 

4  ±    3 

S52E 

SOUTHERN 

39.9  ±    6.5 

5.7  ±     2.3 

40.4  ±5.2 

N38W  ±  6 

6  ±   4 

N69E 

Table  2b.  Cumulative  components  of  creep  parallel  and  perpendicular  to  plate 

motion  direction. 

Cumulative  Creep 

Creep 

Path 

Along  N30W 

Along  N60E 

Cumulative  Creep  Vector 

Discrepancy  Vector 

(mm/yr) 

(mm/yr) 

(mm/yr) 

(degrees) 

(mm/yr) 

(degrees) 

NORTHERN 

7.5  ±    2.2 

-0.9  ±    0.4 

7.6  ±  1.8 

N23W  ±  6 

32  ±     2 

N32W 

NORTH-CENTRAL 

8±     1.4 

0.4  ±    0.3 

8±  1.1 

N32W  ±  6 

31  ±     1 

N29W 

SOUTH-CENTRAL 

12  ±     1.4 

0.4  ±    0.4 

12  ±  1.1 

N32W  ±  6 

27  ±     1 

N29W 

SOUTHERN 

22.5  ±    6.7 

2.2  ±     1.3 

22.7  ±  5.2 

N36W  ±  6 

17  ±     6 

N22W 

most  of  these  data  have  non-Gaussian  uncertainty  distribu- 
tions and  are  difficult  to  treat  statistically.  In  order  to 
incorporate  these  uncertainties  into  our  analysis,  however, 
we  assumed  Gaussian  uncertainty  distributions  and,  on  the 
basis  of  qualitative  assessments  and  discussions  with  current 
researchers,  assigned  uncertainty  values  that  we  believe 
reflect  reasonable  approximations  of  one  standard  error.  For 
many  faults,  geologic  slip  rate  data  are  poorly  constrained  or 
nonexistent  (e.g.,  the  San  Gregorio  fault,  the  Peninsula 
segment  of  the  San  Andreas  fault,  the  Green  Valley  fault,  the 
Concord  fault).  We  estimate  slip  rates  for  these  faults  based 
on  reasonable  regional  tectonic  models,  geodetic  and/or 
creep  data,  and  geologic  slip  rates  on  adjacent  faults  or  fault 
segments.  Clearly,  additional  data  on  long-term  characteris- 
tics of  several  faults  in  the  region  are  needed.  Our  present 
analysis  is  an  initial  step  in  compiling  and  synthesizing 
existing  data  for  regional  hazard  assessment  and  will  require 
revision  as  more  data  are  acquired. 

We  selected  four  paths  across  the  Bay  region  between  the 
Farallon  Islands  and  Stockton  (Figure  1),  which  lie  on  the 
Pacific  plate  and  the  Sierra  Nevada  microplate,  respectively. 
These  paths  were  selected  to  use  the  best-constrained  data 
and  to  avoid  poorly  characterized  faults.  For  each  fault/path 
intersection,  we  chose  appropriate  values  of  geologic  slip 
and  creep  rates  (Table  1).  We  used  the  regional  strike  of 
each  fault  to  resolve  these  slip  rates  into  components 


parallel  to  and  perpendicular  to  the  predicted  plate  motion 
direction.  For  faults  dominated  by  lateral  slip,  we  assumed 
that  regional  strikes  approximate  slip  azimuths,  and  that  the 
faults  are  vertical.  For  faults  dominated  by  reverse  slip,  we 
assumed  that  directions  normal  to  regional  strikes  approxi- 
mate slip  azimuths,  and  that  lateral  slip  is  negligible.  For  all 
faults,  we  assume  that  the  slip  vectors  are  positive  in  the 
direction  that  the  western  side  of  the  fault  moves  relative  to 
a  fixed  eastern  side.  The  resolved  components  of  slip  were 
summed  along  each  path  to  obtain  cumulative  resolved 
components  of  plate-motion  parallel  slip  (along  N30°W; 
Table  2)  and  plate-motion  perpendicular  slip  (along 
S60°W).  We  also  calculate  the  magnitude  and  direction  of 
the  cumulative  slip-rate  vector  for  each  path.  Uncertainties 
were  evaluated  for  slip-rate  totals  by  calculating  the  square 
root  of  the  sum  of  squares  of  individual  uncertainties. 

Published  values  of  predicted  plate  motion  between  the 
Sierra  Nevada  microplate  and  the  Pacific  plate  are  unavail- 
able for  the  latitude  and  longitude  of  the  study  region.  We 
use  a  vector  of  39  ±  2  mm/yr  along  N30°W  ±  2°  for  the 
relative  motion  between  the  Sierra  Nevada  microplate  and 
the  Pacific  plate  (D.  Argus,  written  communication,  1992), 
which  is  based  on  the  NUVEL-1  plate-motion  model  and 
VLBI  data  (DeMets  and  others,  1990;  Argus  and  Gordon, 
1991).  Discrepancy  vectors  for  each  path  were  calculated 
as  the  vector  difference  between  the  cumulative  slip-rate 
vectors  for  each  path  and  the  predicted  plate  motion  vector. 
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RESULTS  AND  DISCUSSION 

Our  analysis  shows  that  most  of  the  relative  motion 
between  the  Pacific  plate  and  the  Sierra  Nevada  microplate 
at  the  latitude  of  the  San  Francisco  Bay  region  is  accommo- 
dated along  known  faults.  The  cumulative  component  of 
geologic  slip  resolved  along  the  predicted  plate  motion 
direction  (N30°W)  ranges  from  about  40  to  44  mm/yr  (Table 
2a),  which  is  comparable  to  the  39  ±  2  mm/yr  predicted  for 
the  relative  plate  motion.  Although  uncertainties  are  large, 
these  data  show  that  there  are  few  or  no  undetected  faults 
within  the  region  that  have  significant  rates  of  lateral  slip 
along  the  predicted  plate-motion  direction. 

However,  a  small  part  of  the  predicted  plate  motion  may 
not  be  accommodated  along  known  faults  in  the  region 
(Figure  2).  The  vector  difference  between  the  predicted 


plate  motion  (39  ±2  mm/yr  along  N30°W±2°)  and  each 
cumulative  geologic  slip  vector  equals  a  "geologic  discrep- 
ancy vector."  In  general,  the  magnitudes  of  these  discrep- 
ancy vectors  range  from  about  2  to  5  mm/yr  (Table  2a; 
Figure  2),  with  an  average  magnitude  for  all  four  paths  of 
about  3  mm/yr.  The  orientations  of  the  four  discrepancy 
vectors  vary  substantially,  from  N79°E  to  S13°E,  although 
this  variation  is  probably  not  significant  considering  the 
large  uncertainties.  We  conclude  that  cumulative  geologic 
slip  rates  for  each  path  approximate  the  amount  of  predicted 
plate  motion,  and  thus  that  most  if  not  all  of  the  strain 
parallel  to  plate  motion  in  the  Bay  region  is  accommodated 
by  lateral  slip  along  known  faults. 

In  addition  to  translational  strain,  our  data  provide  an 
estimate  of  the  rate  and  orientation  of  crustal  shortening  in 
the  Bay  region.  A  cumulative  slip  vector  having  an  azimuth 
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Figure  2.  Velocity  vectors  across  the  San  Francisco  Bay  region  based  on  geologic  slip  rates  for  four  paths  shown 
in  Figure  1.  Geologic  slip  discrepancy  (solid  vector)  is  difference  between  predicted  motion  between  Sierra  Nevada 
and  Pacific  plates  (SN-PA,  dashed  vector)  and  cumulative  geologic  slip  vector  (dotted  vector). 
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more  westerly  than  the  predicted  plate  motion  (e.g.,  Figure 
2a)  reflects  net  extension  normal  to  plate  motion,  which 
requires  that  there  is  some  amount  of  contraction 
unaccounted  for  by  the  faults  analyzed  along  that  path.  For 
the  four  paths,  the  calculated  component  of  extension 
perpendicular  to  the  predicted  plate  motion  direction  ranges 
from  -1.5  ±  1.3  mm/yr  to  3.7  ±  2.3  mm/yr  (Table  2a),  with 
an  average  of  about  1 .3  mm/yr.  Thus,  the  amount  of  crustal 
shortening  unaccounted  for  by  known  faults  is  probably  less 
than  about  4  mm/yr.  The  negative  value  for  the  component 
of  extension  normal  to  plate  motion  for  our  south-central 
path  (-1 .5  ±  1 .3  mm/yr;  Table  2a),  suggests  that  this  path 
crosses  faults  that  accommodate  much  of  the  shortening 
imposed  by  plate  motion.  The  south-central  path  crosses  the 
predominantly  reverse  Monte  Vista  fault,  which  has  a 
relatively  low  estimated  slip  rate  of  about  1 .5  mm/yr  (Table 
1).  The  presence  of  uncharacterized  reverse  faults  having 
similarly  low  slip  rates  may  account  for  much  of  the 
discrepancy  between  the  relative  plate  motion  and  the 
cumulative  geologic  slip  vectors  for  the  other  three  paths. 

Although  uncertainties  are  large,  the  amount  of  shortening 
unaccounted  for  by  known  faults  is  comparable  to  that 
predicted  by  the  NUVEL-1  model  in  central  California, 
which  Argus  and  Gordon  (1991)  estimate  as  between  0  and 
10  mm/yr.  In  addition,  our  estimate  of  less  than  4  mm/yr  is 
consistent  with  the  analysis  of  geodetic  data  by  Lisowski 
and  others  (1991),  which  suggests  no  statistically  significant 
shortening  across  the  region.  Although  abundant  evidence  of 
late  Cenozoic  folding  throughout  the  Bay  region  (e.g.,  Page, 
1982;  Aydin,  1982)  and  historic  uplift  within  the  region 
(Gilmore,  1992)  may  seem  to  contradict  our  observation  of 
low  rates  of  shortening  perpendicular  to  the  plate  motion 
direction,  the  rate  of  shortening  probably  is  sufficient  to 
produce  substantial  topographic  and  structural  relief.  Up  to 
about  2  mm/yr  of  vertical  uplift  of  range  blocks  between 
major  faults  in  the  region  (Gilmore,  1992)  is  consistent  with 
our  estimate  of  less  than  4  mm/yr  of  shortening  if  causative 
faults  have  moderate  to  shallow  dips.  We  postulate  that  local 
areas  of  uplift,  such  as  that  between  the  Calaveras  and 
Hayward  faults,  are  a  result  of  local  interactions  between 
active  faults  (i.e.,  restraining  stepover  regions)  or  uplift 
along  reverse  faults  having  relatively  low  slip  rates,  rather 
than  a  result  of  regional-scale  crustal  shortening. 

Table  2b  shows  cumulative  values  of  creep  along  the  four 
paths  and  the  amount  and  orientation  of  creep  discrepancy 
vectors.  Only  a  small  portion  of  the  relative  motion  between 
the  Pacific  plate  and  the  Sierra  Nevada  microplate,  at  the 
latitude  of  the  San  Francisco  Bay  region,  is  accommodated 
by  creep  along  known  faults.  The  cumulative  component  of 
creep  resolved  along  the  predicted  plate  motion  direction 


ranges  from  about  7  to  22  mm/yr,  which  is  substantially  less 
than  the  predicted  plate  motion  of  39  ±  2  mm/yr.  The  data 
show  a  decrease  in  the  amount  of  creep  from  south  to  north, 
with  about  60%  of  the  relative  plate  motion  being  accom- 
modated by  creep  near  Hollister  but  only  about  20%  of  the 
motion  being  expressed  as  creep  along  the  northern  path. 
The  amounts  of  creep  are  substantially  less  than  the  esti- 
mated cumulative  geologic  slip  rates  (Table  2a)  and 
geodetically  measured  deformation  (Lisowski  and  others, 
1991),  which  support  the  hypothesis  that  elastic  strain  is 
accumulating  in  the  region.  Alternatively,  there  may  be 
faults  in  the  region  along  which  creep  has  not  been  identi- 
fied. These  relations  also  are  expressed  by  the  magnitudes 
of  the  creep  discrepancy  vectors  (Table  2b),  which  range 
from  about  30  mm/yr  in  the  northern  and  central  Bay  region 
to  about  20  mm/yr  along  the  southern  path.  Considering  that 
cumulative  creep  rates  are  lowest  in  the  northern  Bay  region 
but  that  cumulative  geologic  rates  along  the  northern  path 
are  comparable  to  the  predicted  plate  motion  and  to  geologic 
rates  elsewhere  in  the  region,  we  believe  that  there  is 
probably  more  strain  accumulating  in  the  upper  crust  in  the 
northern  Bay  region  than  in  the  central  and  southern  Bay 
regions. 

Geodetically  measured  deformation  provides  an  indepen- 
dent estimate  of  the  amounts  and  directions  of  crustal 
deformation  in  the  region  traversed  by  our  four  paths. 
Lisowski  and  others  (1991)  provide  analyses  of  deformation 
along  three  northeast-trending  transects  across  the  Bay 
region  (Figure  1).  Our  northern  path  crosses  through  the 
105-km-wide  Northern  San  Francisco  Bay  network  of 
Lisowski  and  others  (1991),  which  records  approximately 
31  ±  3  mm/yr  of  lateral  deformation  along  N34°W.  This 
value  is  lower  than  our  geologic-rate  estimate  of  about 
40  ±  5  mm/yr  along  N33°W  ±  6°  (Table  2a),  probably 
because  deformation  is  occurring  outside  the  network.  For 
the  100-km-wide  Southern  San  Francisco  Bay  network,  the 
geodetically  measured  rate  of  deformation  is  38  ±  3  mm/yr 
along  N33°W,  which  is  consistent  with  our  estimate  of  about 
42  ±5  mm/yr  along  N30°W  ±  6°  for  our  south-central  and 
north-central  paths  (Table  2a).  Our  southern  path  crosses 
through  the  75-km-wide  Monterey  Bay  network,  which 
suggests  about  38  ±  4  mm/yr  of  lateral  deformation  along 
N36°W  (Lisowski  and  others,  1991).  This  value  is  consis- 
tent with  our  estimate  of  about  41  ±  5  mm/yr  along  N35°W 
±  6°  (Table  2a).  Although  uncertainties  in  our  estimates  are 
substantial,  the  consistency  between  geodetically  measured 
deformation,  the  predicted  plate  motion,  and  our  estimates 
of  cumulative  geologic  rates  support  that  there  are  few 
undetected  faults  in  the  region  that  have  substantial  lateral 
slip  along  the  predicted  plate  motion  direction. 
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CONCLUSIONS 

We  compare  cumulative  geologic  slip  vectors  along  four 
paths  across  the  San  Francisco  Bay  region  to  predicted  rates 
of  relative  motion  between  the  Pacific  plate  and  the  Sierra 
Nevada  microplate  to  assess  the  relative  distribution  of 
strain  in  the  region  and  to  address  whether  significant 
amounts  of  strain  are  missing  from  the  observed  geologic 
and  geodetic  record.  The  magnitudes  of  geologic  discrep- 
ancy vectors  for  the  Bay  region  are  about  2  to  5  mm/yr,  with 
an  average  magnitude  of  about  3  mm/yr.  The  consistency 
between  geodetically  measured  deformation,  the  predicted 
relative  plate  motion  for  the  region,  and  our  estimates  of 
cumulative  geologic  rates  supports  the  hypothesis  that  there 
are  few  undetected  faults  in  the  region  that  have  substantial 
lateral  slip  in  the  direction  of  plate  motion. 

Large  rates  of  crustal  shortening  normal  to  predicted  plate 
motion  is  not  apparent  from  analysis  of  cumulative  slip  rates 
across  the  region.  Based  on  our  analysis,  the  amount  of 
contraction  perpendicular  to  the  plate  motion  is  less  than 
about  4  mm/yr,  which  is  consistent  with  shortening  rates 
estimated  via  geodetic  measurements  (Lisowski  and  others, 
1991;  Argus  and  Gordon,  1991).  The  magnitudes  and 
directions  of  the  discrepancy  vectors  for  three  of  the  four 
paths  can  be  explained  by  the  presence  of  one  or  two 
uncharacterized  reverse  faults  having  relatively  low  slip 
rates.  We  postulate  that  local  areas  of  uplift,  such  as  that 
between  the  Calaveras  and  Hayward  faults,  are  a  result  of 
local  interactions  between  active  faults  (i.e.,  restraining 
stepover  regions)  or  uplift  along  reverse  faults  having 
relatively  low  slip  rates,  rather  than  from  regional-scale 
crustal  shortening. 

Only  a  small  part  of  the  relative  motion  between  the 
Pacific  plate  and  the  Sierra  Nevada  microplate,  at  the 


latitude  of  the  San  Francisco  Bay  region,  is  accommodated 
by  creep  along  known  faults.  This  supports  the  hypothesis 
that  elastic  strain  is  accumulating  in  the  region.  There 
appears  to  be  a  larger  deficit  between  predicted  plate  motion 
and  cumulative  creep  rates  in  the  northern  Bay  region  than 
elsewhere  in  the  region. 

Clearly,  geologic  slip  rates  along  many  faults  in  the  region 
are  poorly  understood,  and  additional  data  are  required  to 
refine  and  revise  this  type  of  regional  tectonic  analysis.  In 
particular,  our  analysis  emphasizes  a  need  to  better  constrain 
geologic  slip  rates  along  the  San  Gregorio  fault,  the  Penin- 
sula segment  of  the  San  Andreas  fault,  the  Green  Valley 
fault,  and  the  Concord  fault,  among  others.  Our  analysis 
also  shows  that  studies  aimed  at  decreasing  uncertainties  on 
these  major  structures  would  be  more  beneficial  to  regional 
seismic  hazards  assessments  than  analysis  of  uncharacter- 
ized faults  that  probably  have  relatively  low  slip  rates.  Of 
course,  local  seismic  hazards  assessments  require  analysis 
of  major  and  subsidiary  potential  seismic  sources. 
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The  Velocity  Field  in  the  San  Francisco  Bay  Area 
and  the  Inferred  Depth  of  Creep  on  the  Hayward  Fault 

by 
Michael  Lisowski1  and  James  C.  Savage1 


ABSTRACT 

The  velocity  field  across  the  San  Andreas  fault  system  between  Monterey  and  Santa  Rosa  has  been 
inferred  from  trilateration,  Very  Long  Baseline  Interferometry  (VLBI),  and  Global  Positioning  System  (GPS) 
measurements.  The  geodetic  measurements  show  about  35  mm/yr  of  distributed  shear  relative  to  a  VLBI 
reference  station  in  eastern  California.  Overall,  the  velocity  field  has  the  appearance  of  a  shear  flow  parallel 
to  the  average  strike  of  the  San  Andreas  and  Hayward  faults.  The  width  of  the  deforming  zone  increases 
from  30  km  at  the  northern  end  of  the  central  creeping  segment  of  the  San  Andreas  fault  near  Monterey  Bay 
to  over  1 00  km  in  the  northern  San  Francisco  Bay  area.  Across-strike  profiles  of  the  fault-parallel  component 
of  velocity  indicate  that  roughly  half  of  the  35+3  mm/yr  of  relative  motion  in  the  San  Francisco  Bay  Area 
occurs  across  faults  to  the  east  of  the  San  Andreas  fault.  We  find  no  significant  convergence  upon  the  faults. 
A5±1  km  depth  for  the  creeping  zone  on  the  Hayward  fault  is  estimated  from  the  measured  creep  rate  (5 
mm/yr)  at  the  fault  trace  and  the  rate  of  stress  increase  on  the  upper  segment  of  the  fault  trace  inferred  from 
the  geodetic  measurements.  Although  fault  creep  partially  accommodates  the  secular  slip  rate  on  the 
Hayward  fault,  a  slip  deficit  is  accumulating  equivalent  to  a  magnitude  6.6  earthquake  on  each  40  km 
segment  of  the  fault  each  century.  Thus,  the  current  behavior  of  the  fault  is  consistent  with  its  seismic 
history,  which  includes  two  moderate  earthquakes  in  the  mid-1 800's. 


INTRODUCTION 

Since  about  1973  the  U.S.  Geological  Survey  (USGS)  has 
repeatedly  surveyed  trilateration  networks  in  the  San 
Francisco  Bay  area.  We  use  the  trilateration  data  to  study  the 
spatial  distribution  of  tectonic  deformation.  The  analysis  of 
deformation  extends  the  results  of  Lisowski  and  others 
(1991)  by  including  Very  Long  Baseline  Interferometry 
(VLBI)  and  Global  Positioning  Satellite  System  (GPS) 
observations.  We  find  about  35  mm/yr  of  right-lateral  shear 
deformation  across  the  San  Andreas  fault  system.  The 
deformation  observed  near  the  Hayward  fault  is  then  used  to 
infer  whether  the  fault  is  locked  at  depth. 

The  Hayward  fault  (Figure  1)  apparently  ruptured  in  two 
moderate  earthquakes  (M-6.8)  in  the  last  century,  the 
northern  40  km  in  1836  and  the  southern  40  km  in  1868 
(Lienkaemper  and  others,  1991).  Over  the  past  50  years  the 
fault  has  exhibited  fault  creep  (continuous  fault  slip)  at  the 


rate  of  about  5  mm/yr  (Lienkaemper  and  others,  1991).  If  the 
observed  fault  creep  extends  to  a  great  enough  (-10  km) 
depth,  it  could  be  that  the  secular  slip  rate  on  the  fault  is 
accommodated  wholly  by  fault  creep  and  that  no  strain  is 
accumulating.  Such  accommodation  is  thought  to  occur 
along  the  San  Andreas  fault  between  latitudes  36°  and  37°N. 
If  fault  creep  along  the  Hayward  fault  is  confined  to  shallow 
depths,  then  strain  must  be  accumulating  on  the  deeper, 
locked  portion  of  the  fault.  We  summarize  the  results  of 
Savage  and  Lisowski  (in  press),  who  concluded  that  creep 
extends  to  about  5  km  and  that  a  slip  deficit,  which  must 
eventually  be  released  by  rupture,  is  accumulating  between 
the  depths  of  5  and  10  km. 

VELOCITY  FIELD  IN  THE  SAN 
FRANCISCO  BAY  AREA 

We  use  repeated  trilateration,  VLBI,  and  GPS  surveys  in 
the  San  Francisco  Bay  area  to  calculate  the  average  velocity 
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Figure  1 .  Velocity  field  in  the  San  Francisco  Bay  area.  Velocities  are  referred  to  the  VLBI  site  OVRO  located  300  km  east 
of  San  Francisco,  which  is  assumed  fixed.  The  network  is  divided  into  four  subnetworks:  north  (solid  triangles),  central 
(open  triangles),  south  (solid  triangles),  and  Monterey  (open  triangles).  The  ovals  at  the  ends  of  the  velocity  vectors 
represent  the  95%  confidence  intervals.  VLBI  stations  are  marked  with  solid  squares  labled  PR  (Point  Reyes), 
P  (Presidio),  and  FOS  (Fort  Ord  South).  Open  squares  show  the  GPS  stations  . 
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of  geodetic  stations.  We  assume  constant  deformation  rates 
over  the  past  15  years,  and  we  use  the  average  rate  of 
change  in  distance  or  position  between  survey  stations  to 
determine  the  velocities  of  the  stations.  The  slope  of  a  linear 
fit  to  the  distance  or  relative  position  change  in  time  is  taken 
as  the  best  estimate  of  secular  rate  of  change.  When  the  time 
series  exhibits  a  clear  coseismic  offset,  the  secular  rate  of 
change  is  estimated  from  a  linear  fit  to  all  the  data  with  an 
offset  at  the  time  of  the  earthquake.  The  linear  fit  provides 
an  estimate  of  secular  rate  of  change  and  an  estimate  of  its 
standard  error.  By  combining  the  trilateration,  GPS,  and 
VLBI  data,  we  find  the  average  deformation  in  the  San 
Francisco  Bay  area  relative  to  a  VLBI  station  in  eastern 
California. 

Our  new  velocity  solution  uses  the  same  trilateration  data 
as  the  San  Francisco  Bay  and  Monterey  Bay  solutions  of 
Lisowski  and  others,  (1991).  Those  velocity  solutions  were 
ambiguous  by  a  rigid  body  motion  of  the  networks  as  a  whole 
because  there  were  no  ties  to  an  external  reference  frame. 
Therefore,  we  chose  a  velocity  solution  that  was  relative  to 
the  center  of  mass  of  the  network  and  included  a  network 
rotation  that  minimizes  the  rms  displacements  perpendicular 
to  the  average  trend  of  the  Hayward  and  San  Andreas  faults 
(Prescott,  1981).  The  GPS  and  VLBI  data  included  in  our 
new  solution  allows  us  to  determine  the  velocities  relative  to 
a  distant  reference  point  and  provides  direct  measurements  of 
network  rotation.  We  include  four  GPS  and  three  VLBI 
relative  position  change  rates.  The  GPS  stations  are  common 
with  or  are  very  close  to  stations  in  the  trilateration  network 
and  are  marked  with  a  open  squares  in  Figure  1.  We  include 
VLBI-determined  position  change  rates  for  Point  Reyes, 
Presidio,  and  Fort  Ord  S  from  the  GLB753  solution  of  Ma 
and  others  (1992).  We  subtract  the  motion  of  OVRO  (Owens 
Valley  Radio  Observatory,  located  in  the  Owens  Valley  325 
km  to  the  east  of  San  Francisco)  from  the  site  velocities  in 
order  to  obtain  position  changes  that  represent  deformation 
across  the  San  Andreas  fault  system.  Unfortunately,  the 
Presidio  and  Point  Reyes  VLBI  stations  are  not  part  of  the 
trilateration  network.  We  assign  the  VLBI  determined 
velocities  to  the  closest  trilateration  stations,  which  are 
located  5  km  southeast  of  Point  Reyes  and  6  km  south  of 
Presidio.  More  importantly,  these  stations  are  2  km  closer  to 
the  San  Andreas  fault.  Because  the  velocities  vary  with 
distance  from  the  fault,  our  velocity  solution  will  be  slightly 
biased. 

The  volocity  field  in  the  San  Francisco  Bay  region  is 
shown  in  Figure  1 .  The  Pacific  plate  to  the  west  is  moving 
north-northwest  at  about  35  mm/yr  relative  to  the  continent  300 
km  inland  from  the  coast.  The  width  of  the  zone  of  deformation 
increases  from  30  km  at  the  northern  end  of  the  creeping 
segment  of  the  San  Andreas  fault  (latitude  37°  N)  to  more  than 
100  km  in  the  northern  San  Francisco  Bay  area  (latitude  38° 
N).  The  pattern  exhibited  in  this  figure  is  best  described  as  a 
shear  flow  parallel  to  the  north-northwest  trend  of  the  San 
Andreas  and  Hayward  faults  in  the  San  Francisco  Bay  area. 


The  eastern-most  stations  in  the  trilateration  network  show 
very  little  motion  relative  to  OVRO.  Thus,  nearly  all  of  the 
deformation  at  this  latitude  in  coastal  northern  California  is 
concentrated  in  a  -100  kmwide-zone  around  the  San 
Andreas  fault  system. 

DEPTH  OF  CREEP  ON 
THE  HAYWARD  FAULT 

The  geodetic  network  in  Figure  1  has  been  divided  into 
four  subdivisions:  northern  (solid  station  symbols),  central 
(open  symbols),  southern  (solid  symbols),  and  Monterey 
(open  symbols).  The  central  subnetwork  is  of  greatest 
interest,  because  it  crosses  the  Hayward  fault.  Unfortu- 
nately, data  in  the  central  subnetwork  are  less  complete  than 
in  the  north  and  south  subnetworks  due  to  the  absence  of 
trilateration  stations  within  San  Francisco  Bay.  Neverthe- 
less, it  is  the  central  subnetwork  data  that  we  must  use  to 
define  the  deformation  rates  across  the  Hayward  fault. 

The  distribution  of  deformation  across  a  plate  boundary  is 
best  shown  by  projecting  station  velocities  for  a  network 
onto  a  single  profile  constructed  perpendicular  to  the  plate 
boundary.  Such  profiles  for  the  central  and  southern  parts  of 
the  San  Francisco  Bay  network  are  shown  in  Figures  2  and 
3.  The  fault  parallel  component  of  velocity  across  a  locked 
strike-slip  fault  will  exhibit  a  sigmoidal  shape  (i.e.,  similar 
to  -  arctan  (w)  as  a  function  of  w,  Savage  (1980).  In  the  San 
Francisco  Bay  area,  two  or  three  subparallel  faults  are 
responsible  for  the  deformation.  The  resulting  strain  field 
will  equal  the  superposition  of  the  deformation  associated 
with  the  loading  of  the  faults  plus  offsets  across  faults  that 
creep  at  the  surface. 

The  N33°W  velocity  profile  for  the  southern  subnetwork 
(Figure  3)  shows  a  sigmoidal  shape.  About  30  mm/yr  of 
relative  plate  motion  is  captured  within  that  network.  The 
N33°W  velocity  profile  for  the  central  network  (Figure  2) 
shows  a  near-linear  trend.  The  span  of  this  network  appar- 
ently is  not  sufficient  to  include  the  expected  flattening  at 
either  end  of  the  profile.  Only  about  about  18  mm/yr  relative 
motion  is  captured  within  the  60-km  span  of  this 
subnetwork,  but  clearly  more  relative  motion  would  have 
been  detected  if  the  span  of  the  network  were  increased. 

The  Hayward  fault  is  thought  to  slip  uniformly  at  the  rate 
of  9  mm/yr  below  depth  10  km  (Lienkaemper  and  others, 
1991).  The  10  km  depth  corresponds  to  the  average  ob- 
served cutoff  depth  for  seismicity,  and  the  9  mm/yr  rate  to 
the  secular  slip  rate  inferred  from  geology  (e.g.,  offset  of 
alluvial  fan  channels).  Assuming  this  model  of  slip  on  the 
fault,  Savage  and  Lisowski  (1992)  calculate  the  distribution 
of  slip  (fault  creep)  on  the  uppermost  10  km  of  the  fault. 
Our  derivation  relates  the  depth  to  the  bottom  of  the  zone  of 
fault  creep,  the  rate  at  which  stress  is  applied  to  the  fault, 
and  the  creep  rate  observed  at  the  fault  trace.  In  the  model, 
slip  on  the  fault  is  resisted  by  an  idealized  friction  in  which 
the  dynamic  coefficient  is  equal  to  the  static. 
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Figure  2.  N33°W  velocity  components  from  Figure  1  for  the  central  San  Francisco  Bay  network  as  a  function  of 
distance  from  the  trace  of  the  Hayward  fault.  The  error  bars  represent  one  standard  deviation  on  either  side  of 
the  plotted  point.  Also  shown  is  the  profile  predicted  by  a  dislocation  model  including  the  San  Andreas,  Hayward, 
and  Calaveras  faults  with  fault  creep  (solid  line)  and  without  fault  creep  (dashed  line)  on  the  Hayward  fault. 


The  tectonic  stress  exerted  on  the  upper  segment  of  the 
Hayward  fault  by  the  San  Andreas  and  Calaveras  faults  is 
required  to  estimate  the  depth  of  fault  creep  on  the  Hayward 
fault.  That  stress  is  estimated  from  a  kinematic  model  of 
deformation  in  the  San  Francisco  Bay  area.  The  three  faults 
are  represented  by  infinitely-long,  parallel,  vertical  cuts  in 
an  elastic  half-space.  This  representation  is  probably 
satisfactory  for  the  San  Andreas  and  Hayward  faults,  but 
less  satisfactory  for  the  Calaveras  fault,  which  is  not  closely 
parallel  to  the  other  two  (Figure  1).  Each  fault  is  assumed  to 
slip  at  a  uniform  rate  below  10  km.  The  slip  rates  b  on  the 
three  faults  were  constrained  by  the  35  mm/yr  relative 
motion  measured  across  the  entire  Bay  area  and  the  slip 
rates  assigned  to  the  San  Andreas  (19±4  mm/yr)  and 
Hayward  (9±2  mm/yr)  faults  by  the  WGCEP  (1990).  The 
locking  depths  D  on  the  faults  were  constrained  by  the 
distribution  of  seismicity  with  depth.  The  equivalent 
dislocation  model  consists  of  three  parallel  screw  disloca- 
tions, one  on  each  fault,  in  an  elastic  half-space. 

Slip  at  depth  on  a  fault  is  the  conventional  model  for  strain 
accumulation  (Savage  and  Burford,  1973,  p.  832-833), 
which  imposes  a  velocity  field  parallel  to  fault  strike 
(Wcertman  and  Weertman,  1964) 


H/=(fc/;r)[arctan(X/(D)]. 


(1) 


To  model  the  velocity  field  in  the  Bay  area  we  sum  the 
values  from  (1)  taking  account  of  the  fault  separation  (see 
Savage  and  Lisowski,  in  press,  equation  4).  Our  dislocation 
model  uses  30  km  for  the  distance  to  the  San  Andreas  fault 
and  12  km  for  the  distance  to  the  Calaveras  fault. 

This  deep  slip  on  the  San  Andreas  and  Calaveras  faults 
exerts  a  tectonic  shear  stress  r  upon  the  upper  segment  of 
the  Hayward  fault  that  determines  the  displacement  gradient 
imposed  by  these  faults  at  the  Hayward  fault. 

The  creep  rate  at  the  fault  trace  of  a  vertical  fault  s(0)that 
is  subject  to  a  uniform  tectonic  shear  stress  t  plus  an 
additional  loading  from  a  seismic  slip  b below  depth  D  on 
the  same  fault  is  (Savage  and  Lisowski, in  press) 

s(0)  =  2(t li£)d  +  (2  bin)  arctan  [d/(D2-d2) !/2]  (2) 

where  d  is  the  depth  to  which  slip  extends  and  a  dot  over  a 
symbol  represents  differentiation  with  respect  to  time. 

The  combined  stresses  imposed  by  deep  slip  on  the  San 
Andreas  and  Calaveras  faults  are  approximately  constant 
with  depth  (see  Savage  and  Lisowski,  in  press,  Figure  4) 
and  can  be  equated  withr  in  (2).  Moreover,  because  the 
creep  occurs  on  the  upper  segment  of  the  Hayward  fault,  b 
and  D  in  (2)  arc  equated  to  9  mm/yr  and  10  km  in  the 
model.  With    x  l\x  =  0.18  micro-rad/yr,  6=9  mm/yr,  and 
D  =  10  km  the  solution  to  (2)  is  d  =  5.3  km  for  5=  5  mm/ 
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Figure  3.  N33°W  velocity  components  from  Figure  1  for  the  southern  San  Francisco  Bay  network  as  a  function 
of  distance  from  the  trace  of  the  Hayward  fault.  The  error  bars  represent  one  standard  deviation  on  either  side 
of  the  plotted  point.  Also  shown  is  the  profile  predicted  by  a  dislocation  model  including  the  San  Andreas, 
Hayward,  and  Calaveras  faults  with  fault  creep  (solid  line)  and  without  fault  creep  (dashed  line)  on  the  Hayward 
fault.  Station  American  (A  in  Figure  1 )  is  (A)  south  of  the  active  strand  of  the  Hayward  fault.  The  datum  plotted 
below  to  the  datum  for  American  is  Red  Hill  Top  (here  and  in  Figure  1)  from  the  central  Bay  network,  which  we 
included  to  show  the  velocity  near  the  active  strand  of  the  Hayward  fault. 


yr.  We  adopt  an  estimate,    d  =  5±lkm,  which  allows  for  a 
reasonable  uncertainty  in  bothr  and  b. 

Locking  of  the  Hayward  fault  between  5  and  10  kilome- 
ters depth  would  result  in  accumulation  of  seismic  moment  at  a 
rate  of  2  •1012  N  •  m/yr  per  meter  of  fault  length  (Savage  and 
Lisowski,  in  press).  The  seismic  moment  accumulated  on  a  40- 
km-long  segment  of  fault  in  a  century  is  MQ  =  8  •  1018  N  •  m. 
From  the  relation  log MQ  -  1.5M  +  9  (Hanks and  Kanamori, 
1979)  the  equivalent  earthquake  magnitude  M  is  6.6.  Thus, 
despite  creep  on  the  upper  5  km,  the  Hayward  fault  appears 
capable  of  producing  earthquakes  of  magnitude  greater  than  6.5. 

The  velocity  profile  predicted  by  the  dislocation  model  including 
the  effect  of  creep  on  the  Hayward  fault  calculated  from  (2)  is 
shown  by  the  solid  line  in  Figure  2  The  south  Bay  data  (Figure  3) 
shows  that  the  model  (dashed  line)  not  including  creep  on  the 
Hayward  fault  explains  the  overall  Bay  Area  deformation 
reasonably  well. 

CONCLUSIONS 

The  velocity  field  in  the  San  Francisco  Bay  area  inferred 
from  trilateration,  VLB1,  and  GPS  surveys  shows  about  35 
mm/yr  of  fault  parallel  shear  across  the  San  Andreas  fault 
system.  This  deformation  is  roughly  evenly  divided  between 


the  San  Andreas  fault  and  the  faults  in  the  eastern  San 
Franscisco  Bay  area.  The  width  of  the  zone  of  deformation 
increases  from  30  km  at  latitude  37°  to  over  100  km  at 
latitude  38°  as  the  San  Andreas  fault  becomes  locked  and 
the  Hayward  and  Calaveras  faults  branch  and  splay.  The 
velocity  vectors  closely  parallel  the  average  trend  of  the  San 
Andreas  and  Hayward  faults  (N33°E). 

The  observed  creep  rate  at  the  trace  of  the  Hayward  fault 
is  about  5  mm/yr,  and  the  rate  of  stress  accumulation  can  be 
inferred  from  the  observed  deformation  across  the  San 
Francisco  Bay  Area.  The  inferred  depth  of  creep  is  about  5 
km.  This  creep  only  partly  accomodates  the  estimated  9 
mm/yr  of  secular  relative  slip  across  the  fault.  A  substantial 
slip  deficit  is  accumulating  at  intermediate  depths  (5-10  km) 
along  the  fault.  The  slip  deficit  accumulated  in  one  century 
along  a  40-km-long  segment  of  the  fault  is  equivalent  to  a 
magnitude  6.6  earthquake(N33°E). 
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Creep  Rates  and  Creep  Characteristics  of  Eastern  San 
Francisco  Bay  Area  Faults:  1979-1992 

by 
Jon  S.  Galehouse1 


ABSTRACT 

We  have  been  measuring  creep  rates  on  San  Francisco  Bay  Area  faults  since  1979.  The  Hayward  fault  has 
been  creeping  at  slightly  less  than  5  mm/yr.  A  site  in  Hayward  and  one  in  Union  City  creep  at  a  fairly  steady 
rate,  but  the  others  creep  episodically,  with  short  periods  of  fast  creep  alternating  with  long  periods  of  slow 
creep.  All  Hayward  fault  sites  showed  movement  before  and  after  the  Loma  Prieta  earthquake  (LPEQ)  that 
was  slower  than  the  average.  Slower  than  average  movement  is  still  occurring  at  the  Hayward  fault  sites  in 
Fremont.  The  Calaveras  fault  in  the  Hollister  area  moves  episodically.  More  than  a  cm  of  right  slip  was 
triggered  on  the  fault  by  the  Morgan  Hill  earthquake  (MHEQ)  in  1984  and  again  in  1989  by  the  LPEQ.  Little  net 
slip  has  occurred  in  the  2.7  years  following  the  Loma  Prieta  earthquake.  The  average  creep  rate  on  the 
Calaveras  fault  in  the  Hollister  area  is  7.1  mm/yr  at  one  site  and  11 .4  mm/yr  at  the  other,  whereas  there  is  no 
creep  whatsoever  at  a  site  in  San  Ramon. 

The  Concord  fault  also  moves  episodically  with  intervals  of  fast  creep  of  about  7-1 0  mm  over  a  few  months 
time  alternating  with  intervals  of  slow  creep  that  may  last  for  years.  The  average  rate  of  creep  on  the  Concord 
fault  is  about  3  mm/yr.  The  Green  Valley  fault  also  creeps  episodically  at  an  average  rate  of  slightly  more  than 
5  mm/yr.  The  Antioch,  Rodgers  Creek,  and  West  Napa  faults  are  not  creeping. 


INTRODUCTION 

By  using  a  theodolite  and  a  triangulation  method,  my 
student  research  assistants  and  I  have  been  measuring  creep 
(aseismic  slip)  on  active  faults  throughout  the  greater  San 
Francisco  Bay  Area  since  1979.  We  have  about  two  dozen 
measurement  sites  with  most  spanning  a  fault  width  of  50- 
225  m.  We  remeasure  most  sites  about  once  every  two  to 
three  months.  The  precision  of  the  measurement  method  is 
such  that  we  can  detect  with  confidence  any  movement 
more  than  a  mm  or  two  between  successive  measurement 
days.  Creep  rates  presented  in  this  paper  are  minimum  rates 
because  additional  active  traces  might  exist  outside  the  area 
studied.  Our  sites  are  mostly  in  low-relief  areas  so  that 
creep  due  to  mass  movement  is  probably  not  significant. 
Even  though  our  data  set  extends  through  some  of  the 
area's  wettest  and  driest  years,  the  long-term  trends  in  rates 
do  not  seem  to  be  significantly  affected  by  these  surficial 
weather  conditions.  We  believe  that  at  most  sites,  the 


measured  creep  rate  closely  approximates  the  horizontal 
component  of  the  tectonic  creep  rate. 

This  summary  of  theodolite  triangulation  data  since 
measurements  began  in  September  1979  will  include  both 
creep  rates  and  creep  characteristics  at  17  sites  on  seven 
faults  located  either  north  of  San  Pablo  Bay  and  Suisun  Bay 
or  east  of  San  Francisco  Bay  (Figure  1).  All  creep  men- 
tioned in  this  paper  is  horizontal  and  is  right-lateral  unless 
indicated  otherwise.  Results  are  presented  in  Figures  2-4  in 
which  the  fault  width  spanned  is  shown  as  the  IS  (Instru- 
ment Station)  to  ES  (End  Station)  distance.  These  figures 
also  give  the  average  creep  rate  at  each  site  as  determined 
by  the  slope  of  the  least-squares  line.  The  time  of  the  LPEQ 
is  shown  as  a  vertical  line. 

We  reported  the  results  of  our  first  two  years  of  measure- 
ments at  the  first  East  Bay  Conference  ten  years  ago 
(Galehouse  and  others,  1982).  Now,  with  an  additional 
decade  of  data,  we  can  report  creep  rates  with  more  confi- 
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Figure  1   Map  of  San  Francisco  State  University  measurement  sites  east  of  the  San  Andreas  fault.  Epicenters  and  magnitudes  are 
indicated  for  the  24  April  1984  Morgan  Hill  earthquake  (MHEQ)  and  the  17  October  1989  Loma  Prieta  earthquake  (LPEQ). 
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Figure  2.  Hayward  fault  displacement  (1979-1992). 
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dence  and  can  determine  creep  characteristics  at  some  sites 
that  could  not  be  discerned  from  only  two  years  of  measure- 
ments. 

HAYWARD  FAULT 

We  have  been  measuring  creep  at  five  sites  along  the 
Hayward  fault  for  nearly  13  years  and  have  determined  that 
the  rate  is  slightly  less  than  5  mm/yr  (Figure  2).  Although 
creep  characteristics  (steady  or  episodic)  differ  from  site  to 
site,  the  average  rates  for  all  sites  are  similar.  The  Hayward 
fault  at  Site  17  at  Contra  Costa  College  in  San  Pablo  has 
moved  episodically  at  an  average  rate  of  4.3  mm/yr  since 
August  1980.  Beginning  in  June  1989,  the  fault  in  San  Pablo 
began  a  period  of  relatively  slow  creep  (averaging  2.3  mm/ 
yr)  that  lasted  about  2.8  years.  The  LPEQ  occurred  about 
0.3  years  into  this  slow  period.  Slow  movement  at  this  site 
ended  by  7  June  1992  when  the  fault  showed  creep  of  an 
additional  5  mm. 

The  Hayward  fault  at  Site  13  at  Rose  Street  in  Hayward 
has  also  moved  episodically  at  an  average  rate  of  4.8  mm/yr 
since  June  1980.  Beginning  in  March  1986,  the  fault  here 
began  a  period  of  relatively  slow  creep  (averaging  3.0  mm/ 
yr)  that  lasted  5.1  years.  The  LPEQ  occurred  3.6  years  into 
this  slow  period  which  persisted  for  another  1 .5  years.  The 
Hayward  fault  at  this  site  resumed  a  fast  rate  sometime 
between  4  May  and  14  July  1991.  The  fault  moved  about  11 
mm  in  the  year  following  4  May  1991 .  The  Hayward  fault  at 
Site  12  at  D  Street  in  Hayward  has  two  active  traces  and 
moves  steadily  and  uniformly  at  an  average  rate  of  4.6  mm/ 
yr  since  June  1980.  However,  beginning  in  May  1988,  the 
fault  at  D  Street  also  began  a  period  of  slightly  slower  than 
average  creep  (3.4  mm/yr)  that  lasted  3.7  years.  The  LPEQ 
occurred  1 .4  years  into  this  slow  period  which  persisted  for 
another  2.3  years.  The  Hayward  fault  at  this  site  apparently 
resumed  a  fast  rate  of  movement  sometime  after  25  January 
1992  when  it  moved  3  mm  in  98  days. 

The  Hayward  fault  at  Site  2  at  Appian  Way  in  Union  City 
also  moves  fairly  steadily,  though  not  as  uniformly  as  at  D 
Street  in  Hayward.  The  average  rate  is  4.6  mm/yr  since 
September  1979.  As  at  D  Street,  the  fault  in  Union  City 
began  a  period  of  slow  creep  (3.4  mm/yr)  in  February  1989 
which  lasted  2.9  years.  The  LPEQ  occurred  0.7  years  into 
this  slow  period  which  persisted  for  another  2.2  years.  The 
Hayward  fault  at  this  site  resumed  a  fast  rate  sometime 
between  17  January  and  28  March  1992  when  it  moved  over 
6  mm. 

The  Hayward  fault  at  Site  1  at  Rockett  Drive  in  Fremont 
has  moved  episodically  at  an  average  rate  of  4.9  mm/yr 
since  September  1979.  Beginning  in  May  1988,  the  fault  at 
Rockett  Drive  began  a  period  of  slow  creep  (1.8  mm/yr)  that 
had  lasted  over  4  years  when  it  was  last  measured  on  31 
May  1 992.  The  LPEQ  occurred  1 .4  years  into  this  slow 
period  which  has  continued  for  more  than  another  2.6  years. 


The  Hayward  fault  at  the  recently  installed  Site  24  at 
Camellia  Drive  in  Fremont  has  only  been  measured  subse- 
quent to  the  LPEQ  (first  measurement  on  11  February 
1990).  Since  then  virtually  no  net  slip  has  occurred,  though 
the  least-  squares  line  has  a  slope  of  0.7  mm/yr  of  left  slip. 
The  fault  here  most  probably  moves  episodically,  similar  to 
nearby  Site  1  on  Rockett  Drive,  and  has  been  in  a  virtual  no 
movement  phase  throughout  the  2.3  years  of  measurements. 

In  summary,  the  Hayward  fault  before  and  after  the  LPEQ 
moved  about  1 .2  to  3.1  mm/yr  slower  than  the  average  rate 
of  4.3  to  4.9  mm/yr.  The  slow  rate  persisted  for  1.5  to  2.5 
years  following  the  LPEQ  in  San  Pablo,  Hayward,  and 
Union  City  and  for  over  2.6  years  near  the  southern  end  of 
the  fault  in  Fremont. 

A  slight  decrease  in  static  stress  on  the  Hayward  fault 
following  the  LPEQ  has  been  suggested  by  Reasenberg  and 
Simpson  (1992)  based  on  a  computer  simulation  of  the 
earthquake  and  the  post-LPEQ  decrease  in  microseismicity 
along  the  Hayward  fault.  Their  model  assuming  low  values 
for  the  coefficient  of  friction  along  the  fault  agrees  well  with 
our  measurements  of  low  creep  rates  following  the  LPEQ, 
but  it  does  not  address  the  slow  rates  before  the  LPEQ. 
Interestingly,  the  low  rates  began  at  three  of  the  five  sites  on 
the  Hayward  fault  within  two  months  of  the  two  M>5 
foreshocks  on  the  San  Andreas  fault  that  occurred  on  27 
June  1988  and  8  August  1989. 

Historic  creep  rates  for  the  Hayward  fault  determined  over 
the  years  by  various  investigators  from  alignment  arrays  and 
offset  cultural  features  have  been  summarized  recently  by 
Lienkaemper  and  others  (1991).  The  rate  of  creep  deter- 
mined for  most  of  the  Hayward  fault  for  the  past  40-50 
years  has  been  between  3.5-  6.5  mm/yr.  All  of  our  measure- 
ments fall  within  this  range.  Fast  creep  of  8-11  mm/yr  since 
at  least  the  1920s  has  been  reported  for  a  4-km-long  section 
of  the  fault  in  southern  Fremont  (Harsh  and  Burford,  1982; 
Burford  and  Sharp,  1982;  Lienkaemper  and  others,  1991; 
Lienkaemper  and  Borchardt,  1992).  Lienkaemper  and 
Borchardt  (1992)  consider  this  rate  significant  because  they 
think  it  may  reflect  the  long-term  surficial  slip  rate  and  the 
deep  slip  rate  that  controls  the  recurrence  between  large 
earthquakes.  As  mentioned  above,  Site  24  on  this  section 
has  shown  virtually  no  net  slip  between  February  1990  and 
June  1992.  We  also  consider  this  section  of  the  fault  to  be 
important  and  we  established  a  second  site  on  it  at 
Parkmeadow  Drive  in  Fremont  in  April  1992. 

CALAVERAS  FAULT 

We  have  been  measuring  creep  at  two  sites  on  the  Cala- 
veras fault  in  the  Hollister  area  since  1979.  Creep  at  both 
sites  has  been  quite  episodic.  In  the  10  years  before  the 
LPEQ,  we  measured  nine  episodes  of  relatively  rapid 
(within  a  couple  months)  creep  of  about  5  mm  or  more  at 
Site  4  and  1 1  episodes  at  Site  6  (Figure  3).  Episodic 
movement  on  the  Calaveras  fault  in  the  Hollister  area  was 
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first  noted  in  the  mid-1970s  (Langbein,  1981).  Alternating 
with  these  episodes  of  fast  creep  since  at  least  1979  are 
intervals  of  negligible  movement  that  typically  last  about  8- 
12  months  at  Site  4  and  3-12  months  at  Site  6.  One  slow 
interval  lasted  two  years  after  January  1986  at  Site  4  and 
one  lasted  18  months  after  June  1985  at  Site  6.  The  LPEQ 
marked  the  abrupt  end  of  an  interval  of  slow  movement  that 
had  persisted  for  about  a  year  at  both  sites  and  apparently 
triggered  about  14  mm  of  right  slip  at  Site  4  and  about  12 
mm  at  Site  6.  After  this  triggered  slip,  both  sites  in  the 
Hollister  area  returned  to  the  slow  mode  of  movement 
which  has  persisted  for  2.7  years  thus  far.  This  is  the  longest 
interval  of  slow  movement  near  Hollister  since  we  began 
measurements  in  1979.  A  detailed  discussion  of  triggered 
slip  and  the  effect  of  the  LPEQ  on  the  Calaveras  fault  in  the 
Hollister  area  is  in  Galehouse  (1990).  This  paper  also 
discusses  the  effect  of  the  24  April  1984  M6.2  MHEQ  on 
the  fault.  No  immediate  surface  displacement  was  observed 
at  either  of  the  Hollister  area  sites  based  on  a  measurement 
made  the  day  after  the  MHEQ.  However,  within  the 
following  2.5  months,  both  sites  showed  over  10  mm  of 
creep  which  was  followed  by  a  relatively  long  interval  of 
slow  creep  (Figure  3). 

The  average  creep  rates  since  1979  at  the  Hollister  sites 
are  quite  different:  7.1  mm/yr  at  Site  4  and  11.4  mm/yr  at 
Site  6  which  is  just  2.3  km  northwest  of  Site  4.  This 
difference  in  rates  was  also  detected  between  1970  and  1982 
by  U.S.  Geological  Survey  creepmeters  which  measured  a 
rate  of  7.2  mm/yr  at  Site  4  and  1 1 .9  mm/yr  at  Site  6  (Schulz 
and  others,  1982).  Evidently,  either  the  creep  rate  on  the 
Calaveras  fault  increases  significantly  from  Seventh  Street 
(Site  4)  northwest  to  Wright  Road  (Site  6)  or  undetected 
surface  movement  is  occurring  outside  the  creepmeter  line 
as  well  as  our  89.7  m-long  survey  line  at  Seventh  Street. 

We  believe  our  measurements  span  the  active  trace  of  the 
Calaveras  fault  at  Site  19  in  San  Ramon  near  the  fault's 
northwestern  terminus  (Taylor,  1992).  However,  locating  the 
active  trace  in  this  area  is  extremely  difficult  due  to 
landsliding  and  the  fact  that  the  northern  Calaveras  is 
probably  not  creeping  (Rogers  and  Halliday,  1992).  Results 
show  virtually  no  movement  at  Site  19  since  we  began 
measurements  in  November  1980. 

CONCORD  FAULT 

We  have  two  sites  on  the  Concord  fault  in  the  City  of 
Concord:  Site  3  on  Ashbury  Drive  and  Site  5  on  Salvio 
Street.  Both  sites  are  on  what  is  known  as  the  Concord 
segment  of  the  Concord  fault  (Sharp,  1973).  Typical 
movement  characteristics  on  the  Concord  fault  since  at  least 
1979  are  intervals  of  rapid  creep  of  about  7-10  mm  over  a 
period  of  a  few  months  alternating  with  intervals  of  slow 
creep  of  about  1  -2  mm/yr  over  a  period  of  several  years. 
This  pattern  of  episodic  creep  was  more  pronounced  during 
the  first  nine  years  of  measurements  than  during  the  last 


four  years  (Figure  4).  The  average  rate  of  creep  on  the 
Concord  fault  has  been  about  3  mm/yr. 

Both  sites  moved  about  10  mm  during  October  and 
November  1979.  They  then  moved  only  1  mm/yr  for  the 
next  4.5  years.  In  the  late  Spring-early  Summer  of  1984, 
both  sites  moved  about  7  mm  in  a  few  months.  Beginning  in 
late  August  1984,  the  rate  again  slowed  to  1  mm/yr  for 
about  the  next  three  years.  Between  late  November  1987 
and  late  February  1988,  the  fault  moved  about  8  mm.  Since 
then,  the  fault  has  been  moving  at  its  average  rate  since 

1979  — 3.5  mm/yr  at  Ashbury  Drive  and  2.6  mm/yr  at 
Salvio  Street.  The  U.S.  Geological  Survey  measured  creep 
at  Ashbury  Drive  between  1973  and  1982  and  obtained  an 
average  rate  of  4.4  mm/yr  (Harsh  and  Burford,  1982). 

Sharp  (1973),  using  offset  sidewalks  and  curbs,  suggested 
that  there  was  nearly  continuous  creep  on  the  Concord  fault 
with  some  variation  from  the  late  1940s  to  the  early  1960s. 
He  said  that  creep  may  have  increased  in  the  mid-1950s, 
perhaps  initiated  by  the  M  5.4  earthquake  on  the  Concord 
fault  in  October  1955.  However,  his  data  are  also  consistent 
with  an  increase  in  creep  before  the  earthquake.  As  our  data 
show,  some  episodes  of  rapid  creep  on  the  fault  are  nearly 
coincident  with  nearby  earthquakes  and  some  are  not.  Rapid 
creep  in  1979  occurred  a  couple  months  before  the  January 

1980  Livermore  earthquakes  (M>5)  and  rapid  creep 
occurred  a  couple  months  after  the  1984  MHEQ.  However, 
no  local  earthquakes  of  M>5  are  coincident  with  the  rapid 
creep  in  late  1987-early  1988  and  none  was  associated  with 
the  LPEQ  or  the  1990  swarms  of  earthquakes  near  Alamo, 
between  the  southeastern  end  of  the  Concord  fault  and  the 
northwestern  end  of  the  Calaveras  fault. 

GREEN  VALLEY  FAULT 

Frizzell  and  Brown  (1976)  and  Helley  and  Herd  (1977) 
suggest  that  the  Green  Valley  fault  is  the  northern  extension 
of  the  Concord  fault  through  a  relatively  short  (<3  km)  right 
step  in  the  vicinity  of  Suisun  Bay  (Figure  1).  We  began 
measuring  Site  20  on  the  Green  Valley  fault  near  Cordelia  in 
June  1984.  The  Green  Valley  fault  behaves  like  the  Concord 
fault:  short,  rapid  creep  episodes  alternate  with  slow  creep 
over  long  periods.  The  Green  Valley  fault  was  in  a  period  of 
slow  creep  for  the  first  20  months  of  measurements, 
averaging  a  few  mm  per  year.  In  early  1986,  however,  the 
fault  slipped  more  than  10  mm.  The  next  three  years  had 
less  than  1  mm/yr  of  creep.  Sometime  after  6  August  1989. 
the  fault  entered  another  phase  of  rapid  creep  that  totaled  20 
mm  during  in  the  next  year.  For  the  past  1.8  years,  there  has 
been  no  creep  (Figure  4).  The  average  rate  of  creep  during 
the  last  8  years  has  been  5.5  mm/yr.  This  is  virtually  the 
same  rate  (5.4  mm/yr  between  1922  and  1974)  that  Frizzell 
and  Brown  (1976)  determined  from  offset  power  transmis- 
sion lines  about  3  km  south  of  Site  20.  A  more  detailed 
discussion  of  creep  on  the  Green  Valley  fault  is  in 
Galehouse  (1991). 
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MHEQ  =  Morgan  Hill  Earthquake  of  24  Apr  84 
LPEQ  =  Loma  Prieta  Earthquake  of  1 7  Oct  89  


Figure  3  Calaveras  fault  displacement  (1979-1992). 
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GREEN  VALLEY  FAULT 
AND  CONCORD  FAULT 
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SF-03  CONCORD  (Ashbury  Drive) 
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Figure  4.  Green  Valley  fault  displacement  (1984-1992)  and  Concord  fault  displacement  (1979-1992). 
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ANTIOCH  FAULT 

Based  primarily  on  the  lack  of  Holocene  offset  in 
trenches  across  the  Antioch  fault,  Wills  (1992)  concluded 
that  there  is  no  compelling  evidence  for  an  active  surface 
trace  in  the  City  of  Antioch.  Our  data  regarding  possible 
creep  along  the  Antioch  fault  are  not  convincing  either.  We 
began  measurements  at  Site  11  in  the  City  of  Antioch  in 
May  1980.  Virtually  no  net  slip  occurred  in  the  next  12 
years  and  a  least-squares  line  through  the  data  has  a  slope  of 
0.3  mm/yr  of  left  slip.  We  established  Site  9  just  south  of 
town  in  November  1982  and  for  the  next  7.6  years,  right  slip 
was  about  1.7  mm/yr.  During  measurements,  however,  we 
noticed  some  instability  in  the  end  station  (the  PK  nail 
pounded  into  asphalt  became  loose)  which  probably  affected 
the  results.  We  abandoned  this  site  for  logistical  reasons  in 
July  1990.  We  also  noticed  that  subsidence  and/or  mass 
movement  creep  occurred  both  inside  and  outside  the 
Antioch  fault  zone  in  the  area  of  the  two  sites.  Inasmuch  as 
the  measurements  show  a  small  amount  of  left  slip  at  one 
site  and  right  slip  at  the  other,  we  conclude  that  the  Antioch 
fault  is  not  creeping  tectonically  and  that  nontectonic 
movements  have  influenced  the  results. 

RODGERS  CREEK  FAULT 

We  measured  Site  16  on  the  Rodgers  Creek  fault  in  Santa 
Rosa  from  August  1980  until  we  had  to  abandon  it  for 
logistical  reasons  in  January  1986.  During  the  5.4  years  of 
measurement,  no  systematic  creep  was  observed  and  we 
concluded  that  the  fault  was  not  creeping  at  this  site.  In 
September  1986,  we  established  Site  21  on  the  Rodgers 
Creek  fault  near  Penngrove.  Like  Site  16,  this  site  also 
shows  variations  from  one  day  to  the  next,  but  after  5.6 
years,  virtually  no  slip  had  occurred  (<  0.5  mm/yr).  The  lack 
of  net  slip  at  these  sites  and  the  paucity  of  microseismicity 
along  the  fault  between  San  Pablo  Bay  and  Santa  Rosa 
suggest  that  the  fault  is  not  creeping.  Based  on  the  esti- 
mated geologic  slip  rate  of  6-10  mm/yr  for  the  past  750 
years,  the  seismicity  since  at  least  1808,  and  the  lack  of 
creep,  Schwartz  and  others  (1992)  concluded  that  the  fault  is 
accumulating  stress  and  is  extremely  hazardous. 

WEST  NAPA  FAULT 

We  have  been  measuring  across  the  West  Napa  fault  at 
Site  15  in  Napa  since  July  1980.  Although  the  results  vary 
from  one  measurement  day  to  another,  probably  due  to  non- 


tectonic  surface  "noise,"  no  systematic  displacement  has 
occurred  during  the  last  12  years.  The  fault  apparently  is 
locked  at  the  surface  and  is  not  creeping. 

SUMMARY 

The  average  creep  rate  on  the  Hayward  fault  is  slightly 
less  than  5  mm/yr  with  some  sites  creeping  steadily,  but 
most  episodically.  All  sites  were  creeping  slower  than  the 
average  rate  before  the  LPEQ  and  slow  creep  continued  for 
1.5  -  2.5  years  after  the  quake  in  San  Pablo,  Hayward,  and 
Union  City.  Slow  creep  is  still  occurring  on  the  southern 
Hayward  fault  in  Fremont. 

The  southern  Calaveras  fault  creeps  episodically  at  an 
average  rate  of  about  7-11  mm/yr  in  Hollister.  Most 
episodes  of  fast  creep  are  not  coincident  with  nearby 
earthquakes,  but  more  than  10  mm  of  slip  was  triggered  in 
Hollister  in  1984  by  the  MHEQ  and  again  in  1989  by  the 
LPEQ.  Creep  in  Hollister  has  been  much  slower  than 
average  since  the  LPEQ,  with  no  episodes  of  fast  creep. 
Creep  does  not  occur  on  the  northern  Calaveras  fault  in  San 
Ramon. 

The  Concord  fault  creeps  episodically  at  an  average  rate  of 
about  3  mm/yr.  Some  episodes  of  fast  creep  are  nearly 
coincident  with  nearby  earthquakes,  but  some  are  not.  For 
the  past  four  years,  creep  has  been  rather  steady  at  about  the 
average  rate.  The  Green  Valley  fault  creeps  episodically  at  a 
rate  that  averages  slightly  more  than  5  mm/yr.  No  creep  has 
occurred  on  the  Green  Valley  fault  for  the  past  1.8  years. 
The  Antioch,  Rodgers  Creek,  and  West  Napa  faults  are  not 
creeping. 

It  is  possible  that  slower  than  average  creep  presently 
occurring  on  the  Hayward  fault  in  Fremont,  the  Calaveras 
fault  in  Hollister,  and  the  Green  Valley  fault  near  Cordelia  is 
related  to  the  present  drought  in  the  San  Francisco  Bay 
region.  If  so,  we  will  expect  to  see  episodes  of  fast  creep 
following  the  resumption  of  normal  precipitation. 

We  hope  that  the  creep  rates  presented  here  will  be  used  in 
earthquake  hazard  assessments.  The  rate  at  which  the 
potential  for  surface  slip  in  large  earthquakes  is  accumulat- 
ing can  be  estimated  by  subtracting  the  creep  rate  from  the 
Holocene  slip  rate.  In  addition,  the  creep  rate  can  be  used  as 
an  estimate  of  the  minimum  slip  rate  in  areas  where  slip-rate 
data  are  lacking. 
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Historical  Uplift  Measured  Across  the 
Eastern  San  Francisco  Bay  Region 

by 
Thomas  D.  Gilmore1 


ABSTRACT 

Preliminary  results  of  comparisons  among  repeated,  first-order  geodetic  levelings  (1912-1989)  across 
selected  parts  of  the  eastern  San  Francisco  Bay  region  (SFBR)  measure  significant  vertical  displacements 
of  both  local  and  regional  extent.  Historical  comparisons  across  several  west-to-east  crossings  between  Mt. 
Diablo  and  Pacheco  Pass  reflect  active  regional  uplift  of  the  central  California  Coast  Ranges  (CCCR)  and/or 
differential  vertical  movement  localized  across  the  Hayward  (HFZ),  Calaveras  (CFZ),  and  other  active  fault 
zones.  Average  rates  of  measured  historical  uplift  appear  comparable  to  long-term  geologic  uplift  rates  that 
probably  have  averaged  1-2  mm/yr  since  the  middle  Pleistocene. 

Successive  geodetic  comparisons  along  the  Niles  Canyon/Altamont  Pass  line  indicate  progressive 
upwarping  of  the  East  Bay  hills  between  the  HFZ  and  CFZ  and  comparable  uplift  across  Altamont  Pass 
during  the  same  interval  (1912-1965).  A  broadly  defined  and  relatively  uniform,  westward  regional  tilting 
occurred  across  Pacheco  Pass,  east  of  the  CFZ  (1933-1989).  Cumulative  regional  height  changes  along 
both  of  these  lines  total  as  much  as  70-90±20  mm  over  approximately  50-yr  time  periods.  Pronounced 
historical  offsets  along  the  western  San  Joaquin  Valley  are  associated  with  the  Midway  fault,  west  of  Tracy, 
and  with  a  prominent  topographic  escarpment  approximately  coincident  with  the  southern  projection  of  the 
San  Joaquin  fault  zone,  east  of  San  Luis  Reservoir.  Other  historical  comparisons  indicate:  1)  no  differential 
movement  (±10  mm)  across  the  East  Bay  hills  between  Oakland  and  Walnut  Creek,  other  than  that  local- 
ized across  and  east  of  the  HFZ;  2)  irregularly  defined  eastward  tilting  along  the  Marsh  Creek  line,  between 
Martinez  and  Byron,  and  3)  differential  net  uplift  localized  across  the  HFZ,  along  two  short  lines  near  Alum 
Rock,  east  of  San  Jose. 


INTRODUCTION 

Elevated  terrain  of  the  eastern  SFBR  is  bounded  on  both 
sides  by  active  fault  zones  and/or  belts  of  geologically 
recent  folding  or  warping.  Major  faults,  known  or  suspected 
to  be  active  in  Quaternary  time,  are  shown  in  Figure  1 
(simplified  from  Aydin  and  Page,  1984,  Figure  1;  Anderson 
and  others,  1982,  Figure  1).  The  major  strike-slip  faults 
commonly  separate  contemporary  tectonic  domains  charac- 
terized by  differing  crustal  response  to  unique  local  geologic 
conditions  and/or  modern  tectonic  regimes  (Aydin  and  Page, 
1984,  Figure  4).  Elevation  of  the  CCCR,  including  the 
eastern  SFBR,  is  geologically  recent,  ongoing,  and  uniquely 


variable  in  style  among  the  individual  ranges  (Christenscn. 
1965).  Correlation  of  distinctive,  middle  Pleistocene 
volcanic  ash  deposits  (Rockland)  and  time-stratigraphic 
depositional  environments  throughout  northern  and  central 
California  (Sarna  and  others,  1985)  indicate  that  regional 
uplift  of  the  CCCR  sufficient  to  shunt  San  Joaquin  Valley 
drainage  northward  through  the  Carquinez  Straits  and 
Golden  Gate  did  not  occur  before  about  500,000  years  ago. 
Episodic  periods  of  Quaternary  uplift  probably  have  been 
separated  by  periods  of  relative  tectonic  quiessence  and 
erosion  (Howard,  1979). 
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Figure  1.  Index  map  of  eastern  San  Francisco  Bay  region,  showing  principal  routes  and  dates  of  repeated 
geodetic  levelings,  along  with  principal  geographic  and  geologic  features  (simplified  from  Aydin  and  Page, 
1984,  Figure  1 ;  Anderson  and  others,  1982,  Figure  1).  SAFZ,  San  Andreas  fault  zone;  HFZ,  Hayward 
fault  zone;  CFZ,  Calaveras  fault  zone;  CF,  Concord  fault;  GFZ,  Greenville  fault  zone;  OFZ,  Ortigalita  fault 
zone;  SJFZ,  San  Joaquin  fault  zone;  MF,  Midway  fault. 


VERTICAL 
CONTROL  DATA 

Profiles  of  historical  height 
changes  across  the  eastern 
SFBR  (Figures  2-6)  are  based 
on  direct  comparisons  among 
the  results  of  repeated  geo- 
detic levelings  completed 
between  1912  and  1989  (sur- 
vey routes  and  dates  are 
shown  in  Figure  1).  Levelings 
meet  first -order  standards 
with  a  single  exception  (1933 
Pacheco  Pass  line  is  second- 
order),  and  were,  in  all  cases, 
completed  by  the  National 
Geodetic  Survey  (NGS). 
Height  changes  were  com- 
puted from  traditionally  cor- 
rected, observed  elevation 
differences  (=  sum  of 
uncorrected  field  elevation 
and  level,  temperature,  rod, 
and  astronomic  corrections); 
all  values  were  obtained  di- 
rectly from  digital  NGS 
source  files.  Comparative 
profiles  were  reconstructed 
by  differencing  the  recorded 
heights  of  common  bench 
marks  along  selected  survey 
routes,  with  respect  to  a  com- 
mon control  point.  Profiles 
were  reconstructed  with  re- 
spect to  successively  younger 
baselines,  where  available. 


Preliminary  results  of  comparisons  among  repeated 
geodetic  levelings  completed  during  the  20th  century  across 
selected  parts  of  the  eastern  SFBR  are  examined  along  three 
west-to-east  crossings  of  the  CCCR  between  Mt.  Diablo  and 
Pacheco  Pass  (Figure  1).  Four  of  the  five  survey  routes  (the 
two  northern  routes  together  comprise  one  crossing)  traverse 
the  full  width  of  the  elevated  terrain  of  the  eastern  SFBR.  A 
fifth  survey  route  locally  straddles  the  HFZ  near  Alum 
Rock,  east  of  San  Jose,  but  does  not  continue  east  of  Alum 
Rock  Park.  Historical  geodetic  results  are  consistent  with 
generally  broad-scale,  active  regional  tilting,  uplift,  or 
upwarping  of  the  eastern  SFBR  east  of  the  HFZ  or  CFZ  and 
west  of  major  faults  bounding  the  western  margin  of  the  San 
Joaquin  Valley.  Although  this  preliminary  investigation  is 
both  limited  in  scope  and  reconnaissance  in  nature,  these 
geodetic  results  also  indicate  that  individual  crossings  are 
characterized  by  uniquely  defined  styles,  magnitudes,  and 
rates  of  historical  deformation. 


Errors  in  geodetically  determined  height  differences  are 
attributable  to  three  principal  sources:  1)  systematic  survey 
error,  2)  random  survey  error,  and  3)  surface  deformation 
during  the  course  of  a  specified  survey.  The  occurrence  and 
magnitude  of  systematic  error  and  errors  inherent  in  crustal 
deformation  are  difficult  to  assess,  and  there  is  no  simple 
technique  that  permits  their  clear  discrimination.  The  gen- 
eral lack  of  a  clear  correlation  between  terrain  and  signal 
along  most  of  these  lines  suggests  that  any  systematic  error 
present  probably  is  small.  Traditionally,  random  error  esti- 
mates, o,  have  been  empirically-based  functions  of  the  age 
and  order  of  the  surveys  involved  (Vanicek  and  others, 
1980),  and  take  the  form:  a  =  a  K172,  where  a  =  an  empiri- 
cally-determined constant,  and  K  =  distance  in  kilometers. 
Hence,  the  statistically  determinable  random  error  in  the 
measured  height  difference  between  any  two  bench  marks  is 
proportional  to  the  square  root  of  the  distance  between 
them.  The  conventionally  estimated  standard  deviation  in 
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Figure  2.  Profiles  showing  terrain  and  height  changes  along  Niles  Canyon/Altamont 
Pass  line,  between  Fremont  and  Tracy,  with  respect  to  bench  mark  W  7,  Niles. 


the  discrepancy  expected  in  a  comparison 
of  any  two  (or  more)  leveling  surveys  (one 
standard  deviation  values  are  cited  herein) 
is  computed  as  the  square  root  of  the  sum 
of  the  squares  of  the  appropriate  random 
error  estimates. 

All  comparative  profiles  were  recon- 
structed with  respect  to  differing,  arbi- 
trarily chosen  reference  marks.  Reference 
points  must  necessarily  have  been 
resurveyed  during  each  successive 
releveling.  Consequently,  such  points  may 
not  represent  ideal  locations  with  respect 
to  either  known  patterns  of  artificially- 
induced  subsidence  or  potential  tectoni- 
cally  active  fault  zones,  but  otherwise  have 
not  been  critically  assessed. 

Geodetically  defined  height  changes 
disclosed  in  these  comparisons  may  be 
characterized  as  either  naturally-occurring 
(e.g.,  compaction  of  youthful  sedimentary 
basins  or  active  landsliding)  or  artificially- 
(i.e.,  human-)  induced  processes.  In  this 
area,  artificially-induced  movement  most 
commonly  is  attributable  to  compaction 
and  resultant  land  subsidence  owing  to 
large-scale  withdrawls  of  groundwater 
(Santa  Clara  Valley,  Livermore  Valley, 
western  San  Joaquin  Valley).  Those  sig- 
nals that  cannot  otherwise  reasonably  be 
attributed  to  artificial  processes,  disturbed 
bench  marks,  or  other  error  sources  are 
interpreted  to  be  tectonic  in  origin. 

DISCUSSION  OF  GEODETIC 
COMPARISONS 

Niles  Canyon/Altamont  Pass  Line 

Levelings  along  the  Niles  Canyon/ 
Altamont  Pass  line,  between  Fremont  and 
Tracy,  were  completed  in  1912,  1947, 
1958,  1960,  and  1965,  locally  eastward 
from  Niles  in  1933,  and  spanning  the 
Livermore  Valley  in  1974.  These  results 
(Figure  2),  first  reported  by  Alt  (1982)  and 
independently  reconfirmed  for  this  investi- 
gation, indicate  that  the  East  Bay  hills 
between  the  HFZ  and  CFZ  were  uplifted 
progressively  as  much  as  75±18  mm  be- 
tween 1912  and  1965,  with  respect  to  an 
arbitrarily  held  control  point  at  Niles  west 
of  the  HFZ.  Comparable  uplift  of  the 
Diablo  Range  east  of  the  Greenville  fault 
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Figure  3.  Profiles  showing  terrain  and  height  changes  along  Pacheco  Pass  line,  between  Gilroy  (or  Morgan  Hill) 
and  Los  Banos,  with  respect  to  bench  mark  X  148,  near  San  Felipe. 
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Figure  4.  Profiles  showing  terrain  and  height  changes  between 
Oakland  and  Martinez,  with  respect  to  bench  mark  84.8  C  of  O, 
downtown  Oakland. 
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Figure  5.  Profiles  showing  terrain  and  height  changes  along  Marsh 
Creek  line,  between  Martinez  and  Byron,  with  respect  to  bench  mark 
Y  790,  near  Concord. 


zone  (GFZ),  across  Altamont  Pass,  occurred  during  the 
same  interval,  although  here  the  largest  movement  occurred 
after  1958.  Assessment  of  net  historical  movement  patterns 
in  the  Livermore  Valley  locally  is  complicated  by  areally 
widespread,  artificially-induced  subsidence  associated  with 
groundwater  withdrawls.  An  abrupt,  localized  arching  oc- 
curred along  the  western  margin  of  the  San  Joaquin  Valley 
west  of  Tracy  between  1947  and  1958,  and  may  be  associ- 
ated with  episodic  slip  or  creep  across  the  Midway  fault. 

Pacheco  Pass  Line 

Comparisons  across  Pacheco  Pass,  between  Gilroy  (or 
Morgan  Hill)  and  Los  Banos,  are  based  on  levelings 
completed  in  1933,  1948,  1954,  1966/67,  1969,  1972,  and 
1989.  A  broadly  distributed  and  relatively  uniform,  west- 
ward regional  tilting  is  most  readily  defined  in  comparisons 
against  the  earliest  (1933  and  1948)  baselines  (Figure  3). 
The  maximum  amplitude  of  regionally  developed,  differen- 
tial displacements  between  1933  and  1972  is  about  87±20 
mm,  with  respect  to  an  arbitrary  control  point  near  San 
Felipe  east  of  the  CFZ.  Subsequent  comparisons  disclose 


much  smaller  magnitudes  of  movement  or  warping,  but 
these  still  generally  exceed  the  measurement  noise  level. 
Progressively  increasing  subsidence  is  localized  in  the 
southern  Santa  Clara  Valley  near  Gilroy,  accumulating  to  as 
much  as  160±6  mm  between  1933  and  1989.  The  CFZ 
forms  both  a  prominent  subsurface  groundwater  barrier  and 
the  local  eastern  margin  of  the  subsiding  area. 

Significant  vertical  displacements  also  occur  near  San 
Luis  Reservoir,  along  the  western  margin  of  the  San  Joaquin 
Valley  west  of  Los  Banos.  Differential  movement  totalling 
as  much  as  200±6  mm  is  distributed  across  one  or  more 
apparently  distinct,  narrow  zones,  which  may  reflect  either 
active  faulting  and/or  significant  subsurface  lithologic. 
thickness,  or  groundwater  condition  changes.  The  principal 
geodetically  defined  zone  appears  to  be  more  or  less  coinci- 
dent with  a  prominent  topographic  escarpment  attributed  to 
Quaternary  dip-slip  (mountain  side  up)  along  the  southern 
projection  of  the  San  Joaquin  fault  zone  (Herd,  1979).  Only 
a  minor  differential  vertical  signal  occurs  across  the  eastern 
strand  of  the  Ortigalita  fault  zone  (OFZ),  east  of  San  Luis 
Reservoir.  However,  the  locus  of  maximum  differential  re- 
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Figure  6.  Profiles  showing  terrain  and  height  changes  along  Alum  Rock  lines,  A,  between  Milpitas 
and  Alum  Rock  (Berryessa  Avenue),  and  B,  between  San  Jose  and  Alum  Rock  (Alum  Rock  Avenue), 
both  with  respect  to  bench  mark  U  179,  Alum  Rock  Park. 
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gional  uplift  along  this  line  appears  to  be  approximately 
centered  between  the  OFZ  and  San  Joaquin  fault  zone. 

Berkeley  Hills/Mount  Diablo  Line 

The  northernmost  crossing  of  the  East  Bay  region  consists 
of  two  separate  comparisons  that  cover  slightly  differing, 
but  overlapping  time  periods.  The  first  comparison  begins  in 
downtown  Oakland  north  of  Lake  Merritt,  crosses  the  north- 
ern HFZ  via  Claremont  Avenue,  and  continues  across  the 
hills  via  Fish  Ranch  Road  into  Orinda,  Walnut  Creek, 
Pacheco,  and  Martinez.  The  second  comparison  continues 
eastward,  overlapping  the  common  segment  between 
Martinez  and  Pacheco,  then  crosses  the  north  flank  of  Mt. 
Diablo  via  Concord,  Clayton,  and  Marsh  Creek  Road  into 
Byron,  at  the  western  margin  of  the  San  Joaquin  Valley 
(Figure  1). 

Levelings  along  the  Oakland/Martinez  line  were  com- 
pleted in  1934  and  1958/59,  with  the  segment  between 
Pacheco  and  Martinez  also  releveled  in  1946/47  and  1969. 
With  respect  to  an  arbitrary  downtown  Oakland  control 
point,  no  differential  uplift  (±10  mm)  occurred  across  the 
East  Bay  hills  between  Oakland  and  Walnut  Creek,  other 
than  that  localized  across  and  east  of  the  HFZ  (Figure  4). 
Net  subsidence  of  as  much  as  about  40±8  mm  occurred  lo- 
cally between  Walnut  Creek  and  Pacheco;  historical  move- 
ment north  of  Pacheco  is  more  irregularly  defined. 

Levelings  along  the  Marsh  Creek  line,  between  Martinez 
and  Byron,  were  completed  in  1946/47  and  1958/59,  with 
the  western  segment  between  Martinez  and  Clayton  also 
resurveyed  in  1969.  This  preliminary  comparison  across  the 
north  flank  of  Mt.  Diablo  (Figure  5)  may  reflect  irregular, 
but  generally  eastward,  regional  tilting  of  as  much  as  60±16 
mm  between  1946/47  and  1958/59  (or  1969),  with  respect  to 
an  arbitrary  control  point  west  of  Concord.  No  differential 
vertical  offset  occurred  across  the  Concord  fault  during  this 
brief  period.  However,  both  the  magnitude  and  gradient  of 
tilting  appear  greatest  along  the  western  segment  of  this 
line,  between  Martinez  and  Clayton.  Height  changes  east  of 
Clayton  are  more  irregularly  defined;  their  potential  associa- 
tion with  active  faulting  has  not  been  investigated. 

Alum  Rock  Lines 

Two  short  lines  of  repeated  levelings  converge  in  the 
Alum  Rock  area,  east  of  San  Jose;  a  northern  line  ap- 
proaches Alum  Rock  Park  along  Berryessa  Avenue  (Figure 
6A)  and  a  southern  line  along  Alum  Rock  Avenue  (Figure 
6B).  Levelings  along  both  routes  were  completed  in  1934, 
1935,  1938,  1939/40,  1948,  1954,  1960,  and  1967,  as  part  of 
the  Santa  Clara  Valley  subsidence  studies  (Poland  and 
Ireland,  1988,  Figure  17).  Geodetically  defined  signals 


along  the  western  portions  of  both  lines  reflect  a  severe 
overprint  of  the  effects  of  artificially-induced  subsidence 
owing  to  massive  groundwater  withdrawls  in  the  adjoining 
Santa  Clara  Valley  (Poland  and  Ireland,  1988).  However, 
with  respect  to  an  arbitrary  control  point  in  Alum  Rock 
Park,  a  progressively  increasing,  differential  signal  of  as 
much  as  55±7  mm  appears  localized  across  the  central 
strand  of  the  complexly  splayed  southern  HFZ  along  the 
mountain  front  in  this  area  (Bryant,  1982).  Because  this 
signal  is  defined  by  only  a  single  point,  a  disturbed  bench 
mark  or  nontectonic  movement  such  as  landsliding  cannot 
be  eliminated  unequivocably. 

CONCLUSIONS 

These  preliminary  geodetic  results  suggest  that  uniquely 
defined  and  generally  broad-scale,  aseismic,  regional  tilting 
or  upwarping  occurred  during  the  20th  century  across  parts 
of  the  CCCR,  including  the  East  Bay  hills  east  of  the  HFZ 
and/or  CFZ.  Both  geodetic  and  geologic  evidence  suggest 
that  individual  ranges  of  the  CCCR  typically  are  geologi- 
cally distinct,  tectonically  separate,  and  historically  unique 
entities.  More  intensive  zones  of  deformation,  both  seismic 
and  aseismic,  appear  concentrated  along  active  fault  zones 
bounding  both  the  western  and  eastern  margins  of  these 
actively  growing  mountain  belts.  Principal  strike-slip  faults, 
such  as  the  HFZ,  CFZ,  GFZ,  and  OFZ,  also  serve  as  passive 
domain  boundaries  or  hinge  lines  that  accomodate  differen- 
tial vertical  uplift  or  tilting.  Average  rates  of  measured 
historical  regional  uplift  appear  comparable  to  geologically 
determined,  long-term  uplift  rates  that  probably  have 
averaged  1-2  mm/yr  since  the  middle  Pleistocene.  If  such 
historical  rates  may  be  considerted  representative  of  longer- 
term  geologic  averages,  then  most  or  all  uplift  of  the  coastal 
ranges  in  the  SFBR  may  have  occurred  primarily  or  entirely 
within  the  past  500,000  years. 
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Response  of  Regional  Seismicity  to  the 

Static  Stress  Change  Produced  by 

the  Loma  Prieta  Earthquake 

by 
Paul  A.  Reasenberg1  and  Robert  W.  Simpson1 


ABSTRACT 

The  1989  Loma  Prieta,  California  earthquake  perturbed  the  static  stress  field  over  a 
large  area  of  central  California.  The  pattern  of  stress  changes  on  major  faults  in  the 
region  predicted  by  models  of  the  earthquake's  dislocation  agrees  closely  with  changes 
in  the  regional  seismicity  rate  after  the  earthquake.  The  agreement  is  best  for  models 
with  low  values  of  the  apparent  coefficient  of  friction  (u.'  between  0.1  and  0.3)  on  Bay 
Area  faults.  Both  the  stress  models  and  measurements  suggest  that  stresses  were 
increased  on  the  San  Andreas  fault  north  of  the  Loma  Prieta  rupture,  but  decreased 
slightly  on  the  Hayward  fault.  However,  this  slight  relaxation  does  not,  in  our  view, 
warrant  lower  probability  estimates  for  large  earthquakes  on  the  Hayward  fault  in  the  next 
30  years. 


NON-TECHNICAL  SUMMARY 

A  fundamental  effect  of  any  earthquake  is  the  change  in 
stress  it  produces  in  the  surrounding  region.  This  change 
takes  the  form  of  a  stress  redistribution,  in  the  sense  that 
some  areas  are  relaxed  while  others  become  more  stressed. 
Consider  the  analogy  of  a  settling  house  foundation.  With 
each  settling  event  or  "shift"  in  the  foundation,  the  stress  in 
the  roof  may  change  slightly,  due  to  the  slight  distortions  in 
the  frame  caused  by  the  settling. 

The  stress  changes  produced  by  an  earthquake  occur 
almost  instantaneously.  At  the  moment  before  the  earth- 
quake the  stress  at  any  location  in  the  region  is  at  one  level, 
and  almost  immediately  after  the  earthquake  it  is  at  a  new 
level.  Because  this  stress  change  is  relatively  permanent 
(compared  to  the  more  transitory  stress  changes  occurring  in 
the  passage  of  seismic  waves),  it  is  called  a  "static"  stress 
change.  Static  stress  changes  are  believed  to  play  a  role  in 
the  production  of  aftershocks,  changes  in  water  well  levels, 
river  and  geyser  activity,  and  regional  seismicity. 

The  Loma  Prieta  earthquake  was  the  largest  earthquake  to 
strike  the  San  Francisco  Bay  region  since  the  Great  Earth- 
quake of  1906.  An  immediate  concern  after  the  earthquake 
was  how  its  stress  changes  might  affect  other  major  faults  in 


the  Bay  Area.  There  were  at  least  two  reasons  for  this 
concern.  First,  it  was  known  that,  on  a  vertical,  strike-slip 
fault  like  the  San  Andreas,  an  earthquake  increases  the  load 
on  adjacent  parts  of  the  fault  at  either  end  of  the 
earthquake's  rupture,  and  that  the  San  Francisco  Peninsula 
reach  of  the  San  Andreas  fault  had  already  been  assigned  a 
relatively  high  risk  for  a  large  earthquake.  Secondly,  on  two 
occasions  in  the  1800's,  a  large  earthquake  on  one  side  of 
the  Bay  had  been  followed  within  3  years  by  a  second  large 
earthquake  on  the  opposite  side.  Could  the  static  stress 
change  produced  by  the  Loma  Prieta  earthquake  trigger  an 
earthquake  on  the  Hayward  fault? 

To  evaluate  these  possibilities,  we  determined  the  static 
stress  changes  produced  by  the  earthquake,  and  compared 
the  results  to  regionally-observed  changes  in  the  rates  of 
earthquake  activity,  or  seismicity.  Our  stress  change 
estimation  is  based  on  a  computer  simulation  of  the  earth- 
quake. The  seismicity  was  observed  with  the  U.S.  Geologi- 
cal Survey's  Central  California  seismographic  network.  In 
our  strategy,  the  seismicity  observations  would  serve  both  to 
test  the  predictions  made  by  the  simulation  and  to  constrain 
the  physical  model  underlying  it.  The  simulation  assumes  a 
simple  model  of  the  earthquake  slip  based  on  survey 


'U.  S.  Geological  Survey,  345  Middlefield  Road,  MS  977,  Menlo  Park,  CA  94025 
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Figure.  1  a.  Static  stress  increases  produced  by  the  Loma  Prieta  earthquake  on  vertical  planar  segments  representing  faults  in 
central  California,  calculated  using  an  elastic  model  with  a  rectangular  dislocation  (large,  unnumbered  rectangle)  derived  from 
geodetic  measurements.  Increases  in  the  Coulomb  failure  function  (  CFF >  0)  (in  bars)  on  each  fault  segment  for  //'  =  0.2  are 
indicated  by  shading.  These  segments  are  more  likely  to  produce  earthquakes  if  the  CFF  is  applicable.  Oblique  view  is  from  the 
southwest  and  down  at  an  angle  of  45°.  Segment  numbers  are  shown  for  reference  in  Fig.  3. 
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Positive  Values  of  Beta 

Figure  1  b.  Increases  in  seismicity  rate/3  in  central  California  occurring  at  the  time  of  the  Loma  Prieta  earthquake. 
Values  of/3  (indicated  by  shading)  compare  average  rates  in  the  intervals  17  October  1979  to  17  October  1989  and  18 
October  1989  to  30  June  1991.  Areas  that  experienced  a  co-seismic  increase  in  seismicity  rate  are  shown  with  shading. 
Absolute  value  oifl  indicates  the  statistical  significance  of  the  rate  change,  taking  into  account  the  variance  of  the 
background  seismicity.  Major  faults  and  coastline  are  indicated  by  solid  lines. 


measurements  made  before  and  after  the  earthquake.  It 
further  assumes  that  the  earth's  crust  deformed  elastically  in 
response  to  the  earthquake.  In  our  models,  the  effect  that  a 
given  change  of  stress  will  have  on  a  fault  (in  terms  of 
causing  an  earthquake)  depends  on  the  fault's  resistance  to 
sliding  —  its  effective  friction.  Because  the  coefficient  of 
friction  of  faults  is  not  known,  we  have  assumed  a  range  of 
values  in  our  simulations. 

The  resulting  stress  changes  calculated  on  Bay  Area  faults 
(using  a  coefficient  of  friction  of  0.2)  are  shown  in  Figures 


la  and  2a.  Large  increases  in  stress  in  the  vicinity  of  the 
earthquake  on  the  San  Andreas  and  Sargent  faults  are 
indicated  by  dark  shading  in  Figure  la.  Smaller  increases 
(lighter  shading,  Figure  la)  are  seen  along  the  San  Francisco 
Peninsula,  southeast  along  the  San  Andreas  fault,  and  on 
portions  of  the  San  Gregorio  and  Calaveras  faults. 

To  see  if  any  of  these  stress  changes  were  reflected  in 
seismicity,  we  measured  the  regional  change  in  seismicity 
rate  that  occurred  at  the  time  of  the  Loma  Prieta  earthquake. 
The  seismicity  changes  were  determined  in  each  area  by 
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Figure  2a.  Static  stress  decreases  produced  by  the  Loma  Prieta  earthquake  on  vertical  planar  segments  representing  faults  in 
central  California,  calculated  using  an  elastic  model  with  a  rectangular  dislocation  (large,  unnumbered  rectangle)  derived  from 
geodetic  measurements.  Decreases  in  the  Coulomb  failure  function  (  CF  F  <  0)  (in  bars)  on  each  fault  segment  for//  =  0.2  are 
indicated  by  shading.  These  segments  are  less  likely  to  produce  earthquakes  if  the  CFF  is  applicable.  Oblique  view  is  from  the 
southwest  and  down  at  an  angle  of  45°.  Segment  numbers  are  shown  for  reference  in  Fig.  3. 
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Figure  2b.  Decreases  in  seismicity  rate/3  in  central  California  occurring  at  the  time  of  the  Loma  Prieta  earthquake.  Values 
of/3  (indicated  by  shading)  compare  average  rates  in  the  intervals  17  October  1979  to  17  October  1989  and  18  October 
1989  to  30  June  1991.  Areas  that  experienced  a  co-seismic  decrease  in  seismicity  rate  are  shown  with  shading.  Absolute 
value  of/3  indicates  the  statistical  significance  of  the  rate  change,  taking  into  account  the  variance  of  the  background 
seismicity.  Major  faults  and  coastline  are  indicated  by  solid  lines. 


comparing  the  average  rate  of  earthquake  activity  during  the 
10-year  period  before  the  earthquake  with  the  average  rate 
during  the  20-month  period  after  the  earthquake. 

The  regional  change  in  seismicity  is  shown  in  Figures  lb 
and  2b.  Areas  of  high  postseismic  seismicity  rate  (dark 
shading  in  Figure  lb)  include  the  immediate  aftershock  zone 
(from  Los  Gatos  to  Watsonville);  the  San  Francisco  Penin- 
sula in  an  area  of  thrust  faults  near  Los  Gatos  and  along  the 
San  Andreas  and  San  Gregorio  faults  near  Daly  City;  along 


the  San  Andreas  and  Sargent  faults  from  Watsonville  to  Bear 
Valley;  a  partially  off-shore  segment  of  the  San  Gregorio 
fault  near  Ano  Nuevo;  and  along  the  Alamo  fault,  near 
Livermore.  With  the  exception  of  the  activity  near  Pt.  Ano 
Nuevo,  these  areas  generally  coincide  with  fault  segments  of 
increased  stress  (Figure  la).  Areas  of  apparent  coseismic 
decrease  in  seismicity  rate  (dark  shading  in  Figure  2b)  occur 
along  the  southern  Calaveras,  Hayward,  southern  Rodgers 
Creek  and  Mt.  Lewis  faults;  these  fault  segments  also  have 
relaxed  stress  (Figure  2a). 
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Figure  3.  Seismicity  change  /3  and  stress  change  ACFF(n)  on  141  model  fault  segments  for  n'  =  0.2.  Numbers 
(refer  to  Figure  1)  indicate  segments  experiencing  the  largest  changes  (|/3  |a2  and  \ACFF\z  0.2  bar). 


For  all  the  fault  segments  shown  in  Figures  la  and  2a,  the 
agreement  between  the  simulated  stress  changes  and 
observed  seismicity  changes  is  shown  in  Figure  3,  where  we 
have  assumed  a  coefficient  of  friction  of  0.2.  A  generally 
positive  correspondence  between  stress  change  and  seismic- 
ity change  is  visually  apparent. 

To  quantify  this  comparison  we  calculated  two  statistical 
measures:  the  correlation  coefficient,  and  Chi-squared 
(Figure  5).  Both  measures  show  significant  agreement 
between  the  simulations  and  observations.  This  agreement  is 
greatest  when  the  assumed  value  of  the  coefficient  of 
friction  used  in  the  simulations  is  in  the  range  0.1-0.3. 
Simulations  using  higher  coefficients  of  friction  cannot 
explain  the  seismological  observations  nearly  as  well.  These 
apparent  low  values  for  the  coefficient  of  friction  may,  in 
fact,  be  caused  by  pore  fluid  pressure  effects,  although  our 
study  is  unable  to  determine  this.  In  either  case,  this  result 
speaks  to  an  important  controversy  about  the  nature  of  the 
faults  in  the  San  Andreas  system,  and  favors  the  view  that 
these  faults  arc  relatively  "weak." 

Our  observations  suggest  that  the  sections  of  the  San 
Andreas  fault  north  of  the  Loma  Prieta  earthquake  were 


probably  moved  closer  to  failure  as  a  result  of  the  stress 
change  produced  by  the  earthquake.  In  addition,  we  find 
evidence  that  most  of  the  Hay  ward  fault  may  have  relaxed 
slightly  (except  for  the  southernmost  part  if  high  values  for 
the  coefficient  of  friction  are  assumed).  The  minimal  degree 
of  relaxation,  uncertainties  in  its  estimation,  and  its  tempo- 
rary effect  offer  no  basis  for  reducing  the  30-year  probabili- 
ties for  large  earthquakes  in  central  California  or  the 
regional  efforts  to  prepare  for  them. 

Finally,  our  simple  model  assuming  low  values  for  the 
coefficient  of  friction  does  not  reveal  an  obvious  mechanism 
by  which  the  Loma  Prieta  earthquake  could  trigger  an 
earthquake  on  the  Hayward  or  Mission  fault.  If  high  values 
for  the  coefficient  of  friction  are  assumed,  the  change  in 
normal  stress  at  the  southernmost  part  of  the  Hayward  fault 
could  bring  that  region  slightly  closer  to  failure.  These 
results,  however,  are  based  on  simple  structural  models 
which  consist  entirely  of  vertical  faults,  and  which  ignore 
pore  fluid  effects  and  the  interaction  of  other  potentially 
important  structures  under  the  Bay.  Improvement  of  the 
structural  model  and  consideration  of  other  factors  (dis- 
cussed below)  could  change  these  results. 
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Figure  4.  Absolute  levels  of  stress  change  and  seismicity  rate  change  on  individual 
segments,  shown  as  a  function  of  segment  distance  from  the  earthquake  epicenter, 
(a)  Calculated  stress  changes  (for  assumed  value  of  coefficient  of  friction  n'=  0.2).  (b) 
Observed  seismicity  rate  change  index,/? . 


INTRODUCTION 

The  magnitude  7.1  Loma  Prieta  earthquake  was  the  largest 
earthquake  to  strike  the  San  Francisco  Bay  region  since 
1906  (U.S.  Geological  Survey  Staff,  1990).  In  addition  to 
radiating  seismic  waves,  the  earthquake  introduced  a  static 
stress  perturbation  to  the  region  as  a  result  of  its  displace- 
ment, which  averaged  about  2  m  between  6  and  18  km 
depth  (Lisowski  and  others,  1990).  An  immediate  concern 
after  the  earthquake  was  the  possible  effect  this  stress 
perturbation  might  have  had  on  other  major  faults  in  the  Bay 
Area.  On  two  occasions  in  the  1800's  a  large  earthquake  on 
one  side  of  the  Bay  had  been  followed  within  3  years  by  a 
second  large  earthquake  on  the  opposite  side  (Ellsworth, 
1990;  WGCEP,  1990).  Because  the  Hayward  fault  probably 
ruptured  on  both  of  these  occasions,  the  stress  changes  on 
the  Hayward  fault  were  of  particular  interest.  To  evaluate 
the  possibility  of  such  interactions  we  determined  the  static 


stress  changes  produced  within  an  elastic  halfspace  by 
model  dislocation  surfaces,  and  compared  the  results  to 
regionally  observed  changes  in  the  rates  of  seismicity. 
Reasenberg  and  Simpson  (1992)  cite  other  studies  suggest- 
ing that  changes  in  static  stress  might  affect  distributions  or 
focal  mechanisms  of  aftershocks. 

STRESS  CALCULATIONS 

For  our  stress  calculations  we  simulated  the  Loma  Prieta 
displacement  at  depth  by  a  rectangular  dislocation  surface 
inferred  from  geodetic  measurements  made  before  and  after 
the  earthquake  (Lisowski  and  others,  1990).  Although 
complexities  in  the  seismic  waveforms  observed  during  the 
earthquake  suggest  that  the  rupture  was  complex  (e.g., 
Beroza,  1991),  we  chose  to  use  a  simple  model  for  initial 
calculations;  our  calculated  results  are  least  accurate  in  the 
near  field  (within  about  40  km  of  the  rupture  surface)  where 
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Figure  5.  Measures  of  agreement  between  stress  changes  and  seismicity  changes  on  fault  segments,  shown  as  a  function  of  the 
apparent  coefficient  of  friction  n'.  Squares,  values  of  Chi-squared  (scale  on  left);  triangles,  coefficients  of  correlation  between 
stress  change  and  seismicity  change  (scale  on  right).  Solid  lines,  all  141  fault  segments;  broken  lines,  fault  segments 
experiencing  significantly  large  changes  (numbered  points  in  Figure  3).  Chi-squared  confidence  levels  are  6.64  (p  =  0.01)  and 
10.83  (p  =  0.001). 


the  details  of  the  slip  distribution  are  important.  In  the  far 
field,  the  details  of  the  slip  distribution  become  less  impor- 
tant than  the  total  moment  of  the  earthquake  and  the  average 
orientation  of  the  rupture  plane. 

The  major  faults  in  the  Bay  Area  were  represented  by 
alinements  of  vertical  10-km  long  rectangular  patches 
extending  from  the  surface  to  13  km  depth.  Three  dipping 
patches  were  also  used  (198-200)  in  two  areas  of  special 
interest.  Stress  changes  were  calculated  at  the  centers  of  the 
patches.  Both  shear  stress  and  normal  stress  changed  on  the 
fault  surfaces  as  a  result  of  the  Loma  Prieta  earthquake. 
Because  the  major  vertical  Bay  Area  faults  are  probably 
loaded  predominantly  by  right-lateral  shear,  the  shear  stress 
changes  imposed  by  the  Loma  Prieta  rupture  can  either 
increase  (if  the  change  is  right-lateral)  or  decrease  (if  the 
change  is  left-lateral)  the  shear  load.  Laboratory  studies  of 
rock  friction  and  failure  suggest  that  normal  forces  are 
important  in  determining  resistance  to  sliding  (e.g.,  Byerlee, 
1978).  We  defined  a  Coulomb  failure  function  (CFF)  for 
comparison  with  changes  in  rates  of  seismicity: 

CFF=  f\-fi(a-p)-S 


This  function  is  based  on  the  Coulomb  criterion  for  shear 
failure  of  rocks 

fi\*fi(cr-p)+S 

where  \u  |  is  the  magnitude  of  shear  traction  acting  on  the 
plane,  O  is  the  normal  traction  (+  for  compression),  p  is  the 
pore  fluid  pressure,//  is  the  coefficient  of  internal  friction, 
and  5  is  the  cohesion  (Jaeger  and  Cook,  1979).  Thus 
changes  in  the  CFF  are  given  by 

ACFF  =  |r|-|f0||u(Aa-Ap)-AS 

This  expression  is  nonlinear  in  the  shear  stress  changes 
(Oppenheimer  and  others,  1988).  It  can  be  simplified  by 
assuming  that  for  vertical  strike  slip  faults,  the  horizontal 
shear  stresses  are  most  important,  and  that  changes  are 
superposed  on  a  pre-existing  background  level  of  right- 
lateral  shear  for  most  faults  in  the  Bay  Area.  This  leads  to 

ACFF«  AThrl-n'&o 


1992 


PROCEEDINGS  OF  THE  SECOND  CONFERENCE 
ON  EARTHQUAKE  HAZARDS  IN  THE  EASTERN  SAN  FRANCISCO  BAY  AREA 


69 


where  ATAr/  is  the  change  in  horizontal  component  of  right- 
lateral  shear  stress  (+  for  more  right-lateral)  and  Act  is  the 
change  in  normal  stress  (+  for  more  compression).  We  also 
assume  here  that  changes  \np  and  5  are  unimportant;  we 
have  changed  ,u  in  this  last  equation  lofi '  indicating  an 
apparent  coefficient  of  friction,  to  remind  us  that  pore  fluid 
effects  have  been  ignored  but  may  be  important. 

As  discussed  below,  with  these  assumptions  a  choice  of  ,u' 
=  0.2  yielded  the  best  agreement  with  observed  seismicity 
rate  changes  (Figures  1  and  2).  Changes  in  CFF  ranged 
from  a  few  bars  to  less  than  0.01  bar.  San  Andreas  fault 
segments  at  either  end  of  the  Loma  Prieta  rupture  are  closer 
to  failure  than  before  the  rupture  because  of  the  additional 
right-lateral  stress  loaded  onto  them.  Estimates  from  similar 
models  of  the  time  by  which  these  stress  changes  might 
advance  the  occurrence  of  the  next  earthquakes  on  segments 
to  the  north  of  the  Loma  Prieta  rupture  range  from  2  to  25 
years  (WGCEP,  1990).  On  the  Hay  ward  fault,  changes  in 
CFF  range  from  0.03  bar  at  the  north  end  to  0.8  bar  at  the 
south  end,  in  a  sense  to  delay  the  onset  of  the  next  earth- 
quake. For  a  long-term  slip  rate  of  9  mm/yr,  these  changes 
in  CFF  amount  to  delays  ranging  from  less  than  1  to  10 
years,  although  these  static,  purely  elastic  models  may 
poorly  estimate  the  longer-term  effect. 

For  higher  apparent  coefficients  of  friction  (e.g.,  0.6),  the 
southernmost  part  of  our  model  Hay  ward  fault  (segments  98 
and  99)  is  brought  closer  to  failure  by  the  influence  of  the 
increased  extensional  normal  force  on  the  CFF.  This  could 
possibly  provide  a  triggering  mechanism  to  explain  the 
1865/1868  earthquake  pair,  although  the  microseismicity 
results  below  correlate  better  with  low  (e.g.,  0.2)  apparent 
coefficients  of  friction. 

SEISMICITY  OBSERVATIONS 

In  order  to  see  if  any  of  these  stress  changes  were  reflected 
in  seismicity,  we  measured  the  regional  coseismic  change  in 
seismicity  rate  using  the  statistic  /S,  which  is  sensitive  to  a 
contrast  of  average  seismicity  rate  between  two  time 
intervals  in  a  specified  area  (Matthews  and  Reasenberg, 
1988).  We  compared  the  rate  r  in  the  postseismic  interval 
of  duration  ta  with  the  rate  rh  in  the  preseismic  interval  of 
duration  t, ,  where  r '    =  n   /  t„   r.  =  n,  /  t.   and  n  .  n,  are 
the  numbers  of  earthquakes  occurring  in  the  respective 
intervals.  The  rate  change  is  expressed  as 


where  var  denotes  variance  and  E(na)  =  rhta  is  the  value 
of  na  expected  under  the  null  hypothesis  of  stationary 
random  occurrence.  We  calculated  f3 ,  for  fixed  ta  and  tb  in 
overlapping  10-km  square  cells  covering  an  area  140  by  390 
km  for  the  preseismic  (background)  period  between  17 
October  1979  and  17  October  1989  and  postseismic  period 
between  18  October  1989  and  31  May  1991.  We  used  M  > 


1.5  earthquakes  from  the  U.S.  Geological  Survey  Central 
California  catalog.  Positive  values  of  (3  (Figure  lb)  indicate 
that  the  postseismic  rate  was  higher  than  the  background 
rate;  negative  values  (Figure  2b),  lower.  Symmetry  in  the 
definition  of  /3  introduces  an  ambiguity  in  interpretation, 
whereby  a  relatively  low  postseismic  rate  cannot  be  distin- 
guished from  an  abnormally  high  preseismic  rate,  as  would 
result,  for  example,  from  an  earthquake  swarm  or  aftershock 
sequence  in  the  preseismic  (background)  period.  Several 
such  artifacts  corresponding  to  the  aftershocks  of  moderate 
earthquakes  in  the  region  in  the  pre-Loma  Prieta  back- 
ground period  initially  were  detected  with  the  complete 
catalog.  To  reduce  these  effects,  we  removed  aftershocks 
from  the  catalog  with  a  computer  algorithm  (Reasenberg, 
1985). 

Areas  of  high  postseismic  seismicity  rate  include  the 
immediate  aftershock  zone  (from  Los  Gatos  to  Watsonville); 
the  San  Francisco  Peninsula  in  an  area  of  thrust  faults  near 
Los  Gatos  and  along  the  San  Andreas  and  San  Gregorio 
faults  near  Daly  City;  along  the  San  Andreas  and  Sargent 
faults  from  Watsonville  to  Bear  Valley;  a  partially  off-shore 
segment  of  the  San  Gregorio  fault  near  Ano  Nuevo;  and 
along  the  Alamo  fault,  near  Livermore.  With  the  exception 
of  the  activity  near  Pt.  Ano  Nuevo,  these  areas  generally 
coincide  with  fault  segments  having  increased  CFF.  Areas 
of  apparent  coseismic  decrease  in  seismicity  rate  occur 
along  the  southern  Calaveras,  Hayward,  southern  Rodgers 
Creek  and  Mt.  Lewis  faults;  these  fault  segments  also  have 
relaxed  stress  (  CFF    <  0).  Other  aftershock  sequences 
before  1989  preclude  unambiguous  interpretation  of  the 
negative  values  of  /3 ,  observed  along  the  southern  Cala- 
veras and  Mt.  Lewis  faults  in  terms  of  post-seismic  effects. 
The  Hayward  fault,  however,  was  essentially  free  of 
significant  swarm  and  aftershock  activity  during  the  1980's. 
Consequently,  the  apparent  low  postseismic  rate  observed 
there  (strongest  on  the  southern  Hayward  fault)  is  not 
believed  to  be  an  artifact  and  may  be  related  to  the  Loma 
Prieta  earthquake. 

DEPENDENCE  ON  DISTANCE  FROM  THE 
EARTHQUAKE  SOURCE 

The  magnitudes  of  both  the  calculated  stress  changes  and 
the  observed  seismicity  rate  changes  decrease  with  distance 
from  the  earthquake's  epicenter  (Figure  4).  These  stress 
changes  range  from  several  bars  on  segments  within  30  km 
of  the  epicenter  to  less  than  0.01  bar  at  distances  beyond 
200  km.  Seismicity  rate  changes  of  significant  magnitude 
are  mostly  confined  to  segments  at  distances  up  to  approxi- 
mately 100  km  from  the  epicenter.  (A  few  observations  of 
significant  rate  increase  at  distances  between  180  and  220 
km  correspond  to  areas  along  the  San  Andreas  fault  near 
Parkfield,  and  may  not  be  related  to  the  Loma  Prieta 
earthquake.) 
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COMPARISON  OF  STRESS  AND 
SEISMICITY  CHANGES 

To  investigate  the  overall  dependence  between  the  modeled 
stress  changes  and  the  observed  seismicity,  we  compared,  for 
e_ach  fault  segment  S ,  the  mean  seismicity  rate  change  index 
/3   corresponding  to  the  subset  of  cells  within  5  km  of 
segment  S  ,  to  the  coseismic  static  stress  change  ACFF .(u/) 
calculated  on  that  segment,  for  various  assumed  values  of  the 
apparent  coefficient  of  friction  u.'.  We  show  one  of  the  better 
fitting  comparisons  (for  u/  =  0.2)  in  Figure  3.  For  this  value  of 
the  apparent  coefficient  of  friction,  concordant  changes  in 
stress  and  seismicity  (both  increase  or  both  decrease) 
occurred  on  87  fault  segments,  discordant  changes  occurred 
on  54  segments,  and  a  generally  positive  correspondence 
between  /3  and  ACFF  is  visually  apparent.  A  Chi-squared 
test  on  all  fault  segments  rejects  the  null  hypothesis  that  /3 
and  ACFF(y!)  are  independent  (p  <  .001  for  0.2  <  u.'  <  0.3;  p 
<  .01  for  0.1  <  u.'  <  0.4).  The  correlation  coefficient  p  attains 
its  maximum  value  for  u,'=  0.2,  and  exceeds  0.5  for  0.1  <  p.'< 
0.3  (Figure  5). 

'Static  stress  changes  as  small  as  a  few  tenths  of  a  bar 
apparently  produced  detectable  changes  in  seismicity.  This 
level  of  stress  change  is  about  one  order  of  magnitude  larger 
than  that  of  tidally-induced  stress  changes  (McNutt  and 
Heaton,  1981)  and  is  comparable  to  stress  changes  produced 
at  seismogenic  depths  by  the  filling  of  water  reservoirs 
(Roeloffs,  1988).  The  response  of  seismicity  to  stress 
change  decreases  with  distance  from  the  dislocation,  and  is 
statistically  undetectable  (at  the/?  =  0.05  level)  at  distances 
beyond  80  to  100  km;  at  this  distance  the  maximum  abso- 
lute value  of  ACFF  is  approximately  0.1  bar  (Figure  4).The 
apparent  sensitivity  of  regional  seismicity  to  such  small 
stress  changes  suggests  that  fluctuations  in  regional  seismic- 
ity may  be  used  to  detect  and  model  some  aseismic  slip 
events,  including  afterslip,  slow  earthquakes,  slip  on  the 
ductile  portion  of  vertical  faults,  and  slip  on  horizontal 
detachment  surfaces. 

CONCLUSIONS 

Our  observations  of  the  regional  seismicity  response  to  the 
Loma  Prieta  earthquake  favor  models  involving  low 
apparent  friction  (0.1  <  u/<  0.3)  on  central  California  faults. 
In  contrast,  laboratory  experiments  on  frictional  slip  in  rock 
that  typically  find  higher  coefficients  of  friction  (0.5  <  u.'< 
0.8)  have  been  widely  used  as  an  analog  for  brittle  faulting 
in  the  upper  15  to  20  km  of  the  crust  (Byerlee  and  Brace, 
1968;  Dieterich,  1981).  Our  neglect  of  pore  pressure  effects 
limits  our  ability  to  compare  the  low  friction  values  obtained 
from  our  models  with  laboratory  friction  values.  Neverthe- 
less, our  result  is  consistent  with  the  idea  that  weak  faults 
could  explain  seismological  and  other  evidence  for  fault- 


normal  compression  in  central  California  (Zoback  and 
others,  1987)  and  with  the  lack  of  an  observable  heat  flow 
anomaly  associated  with  the  San  Andreas  fault 
(Lachenbruch  and  McGarr,  1990).  The  apparent  low  friction 
value  could  also  be  explained  by  a  high  coefficient  of 
friction  (consistent  with  laboratory  studies)  combined  with 
pore  pressure  changes  in  a  compliant  fault  zone  (Byerlee, 
1990;  Rice,  1992). 

Our  observations  support  the  conclusion  (WGCEP,  1990) 
that  the  sections  of  the  San  Andreas  fault  north  of  the  Loma 
Prieta  earthquake  were  probably  moved  closer  to  failure  as  a 
result  of  the  stress  change  produced  by  the  earthquake.  In 
addition,  we  find  evidence  that  for  low  apparent  coefficients 
of  friction  the  Hayward  fault  may  have  relaxed  slightly, 
although  any  relaxation  on  the  fault  is  only  temporary. 
Higher  coefficients  (0.6  to  0.8),  if  applicable,  would  tend  to 
bring  the  southernmost  part  of  the  Hayward  fault  closer  to 
failure.  Simple  models  suggest  that  non-elastic  adjustments 
(e.g.,  Linker  and  Rice,  1991),  continued  loading  with  time, 
and  pore  fluid  adjustments  may  alter  both  the  magnitude  and 
sign  of  the  Loma  Prieta-induced  stress  changes.  The 
minimal  degree  of  relaxation  on  the  Hayward  fault,  uncer- 
tainties in  its  estimation,  and  its  temporary  effect  offer  no 
basis  for  reducing  the  30-year  probabilities  for  large 
earthquakes  in  central  California  or  the  regional  efforts  to 
prepare  for  them. 

Returning  to  the  question  of  paired  earthquakes,  our 
results  for  low  apparent  coefficients  of  friction  do  not 
suggest  how  the  Loma  Prieta  earthquake  might  trigger  an 
earthquake  on  the  Hayward  fault.  For  high  apparent 
coefficients  of  friction,  the  unclamping  of  normal  forces  at 
the  southernmost  part  of  our  model  Hayward  fault  might 
trigger  a  paired  earthquake,  although  high  apparent  coeffi- 
cients of  friction  are  not  favored  by  correlations  with 
microseismicity  rates.  Our  conclusions  rely  on  simple 
elastic  models  consisting  of  vertical  faults.  The  possible 
presence  of  dipping  structures  (Griscom  and  Jachens,  1990) 
and  additional  structures  under  the  Bay  not  included  in  our 
models,  and  the  possibility  of  time  dependent  and  pore  fluid 
effects  all  need  to  be  factored  into  more  refined  models. 
Better  understanding  of  the  structural  framework  of  the  Bay 
region,  and  continuing  observation  of  changes  in  microseis- 
micity rates  in  response  to  regional  stress  changes  should 
help  to  resolve  some  of  these  uncertainties. 
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ABSTRACT 

Fault  segmentation  may  have  controlled  the  sizes  of  four  recent  moderate-size  earthquakes  in  California  and  a 
number  of  other  large  to  great  earthquakes  around  the  world.  I  have  investigated  how  one  type  of  fault  segment 
boundary,  the  fault  step  can  affect  the  earthquake  rupture  process,  and  at  what  distances  the  interaction  might 
occur.  I  used  a  two-dimensional  finite-difference  computer  program  to  numerically  simulate  spontaneous  rupture 
propagation  across  fault  steps  with  varying  geometries  defined  by  a  stepover  width  and  overlap  distance. 
Previous  studies  of  fault  steps  had  proposed  that  either  1)  compressional  steps  should  stop  earthquakes  (Segall 
and  Pollard,  1980)  or  that  2)  dilational  steps  should  stop  earthquakes  (Sibson;  1985,1986).  The  results  of  this 
study  demonstrate  that  spontaneously  propagating  ruptures  can  jump  both  compressional  and  dilational  fault 
stepovers,  although  wider  dilational  steps  can  be  jumped.  The  maximum  'jumpable'  stepover  width  appears  to  be 
4-5  km,  based  on  observations  of  earthquakes  from  the  past  century  and  results  from  my  numerical  modelling.   I 
applied  the  results  of  my  2D  study  to  fault  steps  in  the  eastern  San  Francisco  Bay  area,  specifically  the  4-6  km 
wide  step  between  the  Hayward  and  Rodgers  Creek  faults  at  San  Pablo  Bay  and  the  2-3  km  wide  step  between 
the  Concord  and  Green  Valley  faults  at  Suisun  Bay.  If  the  Hayward  and  Rodgers  Creek  faults  do  not  merge  at 
depth  and  are  not  connected  by  cross-faults,  then  it  appears  unlikely  that  an  earthquake  which  nucleates  on  the 
Hayward  fault  will  jump  the  step  and  continue  to  rupture  the  Rodgers  Creek  fault  (or  vice-versa).  For  faults  with 
narrower  stepover  widths,  the  solutions  are  less  clear.  Earthquakes  have  both  ruptured  through  and  been 
stopped  by  fault  steps  narrower  than  3  km.  Therefore,  we  cannot  speculate  about  what  might  happen  to  an 
earthquake  which  nucleates  on  the  Concord  or  Green  Valley  fault 


INTRODUCTION 

The  length  of  fault  rupture  often  determines  the  magnitude 
of  a  strike-slip  earthquake.  It  is  therefore  critical  to  deter- 
mine what  controls  the  length  of  fault  rupture.  A  structural 
discontinuity,  the  fault  step  (Figure  la),  may  have  controlled 
the  rupture  lengths  of  five  recent  moderate-size  (moment- 
magnitude  M5-6)  strike-slip  earthquakes  in  California  and  a 
number  of  large  (M7)  strike-slip  earthquakes  in  Turkey. 
Sibson  (1985,  1986)  described  how  fault  steps  affected  the 
ruptures  of  the  1966  (M6.0)  Parkfield,  1968  (M6.8)  Borrego 
Mountain,  1979  (M6.6)  Imperial  Valley  earthquake,  and  the 
1979  (M5.9)  Coyote  Lake  earthquake  (see  also  Reasenberg 
and  Ellsworth,  1982).  Rymer  (1989)  noted  the  presence  and 
possible  effect  of  a  fault  step  during  the  1987  (M6.7) 
Superstition  Hills  earthquake.  In  Turkey,  Barka  and 


Kadinsky-Cade  (1988)  found  evidence  for  fault  steps  and 
bends  affecting  rupture  lengths  of  moderate  to  great 
earthquakes  in  the  Anatolian  fault  system.  The  interaction 
of  fault  steps  and  bends  with  smaller  earthquakes  has  also 
been  hypothesized.  Bakun  and  others  (1980)  suggested  that 
several  small  (M3-4)  earthquakes  on  the  San  Andreas  fault 
in  California,  including  the  1973  Cienega  Road  earthquake 
were  confined  by  fault  steps.  Fault  steps  are,  however, 
observed  at  length  scales  ranging  from  meters  to  tens  of 
kilometers  (e.g.,  Sibson,  1986).  At  which  length  scale  can  a 
fault  step  interact  with  the  dynamic  earthquake  process  and 
control  the  rupture  length  of  an  earthquake?  The  purpose  of 
this  paper  is  to  address  that  important  question  and  to 
discuss  some  ramifications  for  the  eastern  San  Francisco 
Bay  area. 
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Figure  1 .  a)  Map  view  of  fault  steps  in  a  right-lateral  vertical  strike-slip  fault.  When  two  of  the  fault 
segments  are  slipping  at  the  same  time,  a  right  step  is  a  dilational  step  and  a  left  step  is  a 
compressional  step.  The  stepover  width  is  the  perpendicular  distance  between  the  two  faults  and 
the  overlap  is  the  along-strike  distance  of  fault  crossover,  b)  Map  view  of  two  faults  at  3.4 
seconds  for  the  case  of  a  dilational  step  (right  step  in  right-lateral  shear)  and  the  parameters  listed 
in  Table  1 ,  Case  A.  Both  faults  are  28  km  long.  Stepover  width  is  1  km,  overlap  is  5  km.  Open 
circle  indicates  point  where  rupture  first  nucleated  on  fault  1  at  0  seconds.  At  2.9  seconds  the 
rupture  first  reached  the  end  of  fault  1 .  At  3.4  seconds  the  point  marked  by  the  solid  circle  on  fault 
2  starts  to  rupture.  After  3.4  seconds,  the  rupture  propagates  bilaterally  on  fault  2. 


PREVIOUS  STUDIES  OF  FAULT  STEPS 

Rodgers  (1980)  used  dislocation  theory  to  study  basin 
development  by  fault  steps  in  strike-slip  faults.  His  analyses 
did  not  include  the  critical  factor  of  fault  interaction.  Segall 
and  Pollard  (1980)  did  include  fault  interaction  in  their  2D 
quasi-static  study  of  strike-slip  faults.  They  proposed  that 


since  compressional  steps  (left  steps  in 
right-lateral  faults  or  right  steps  in  left- 
lateral  faults)  cause  an  increase  in  both 
the  mean  stress  and  the  normal  stress, 
compressional  steps  should  act  as  a 
barrier  to  rupture  propagation  and  should 
act  to  stop  earthquakes.  Sibson  (1985, 
1986)  proposed  that  dilational  steps 
should  act  to  stop  earthquakes  through 
the  interaction  of  fluid  pressure  with  the 
fault  step.  He  proposed  that  the  ten- 
sional  regime  created  by  a  dilational  step 
should  act  to  momentarily  decrease  fluid 
pressure,  which  in  turn  would  cause  an 
increase  in  fault  strength  (until  the  fluids 
re-equilibrated)  thereby  acting  to  delay 
or  terminate  the  rupture. 

Mavko  (1982)  also  modelled  fault 
interaction  using  2D  quasi-static 
calculations.  His  results  successfully 
explain  the  creep  records  on  the  San 
Andreas  fault  near  Hollister,  California. 
Aydin  and  Schultz  (1990)  looked  at  fault 
interaction  in  an  attempt  to  quantify  the 
relationship  between  fault  stepover 
width  and  overlap  for  en  echelon  strike- 
slip  faults  around  the  world.  An 
analogous  relationship  had  been  previously  established  for 
overlapping  spreading  centers  on  mid-ocean  ridges  (tension 
cracks)  by  Sempere  and  MacDonald  (1986).  Aydin  and 
Schultz  (1990)  concluded  from  their  quasi-static  numerical 
study  that  fault  interaction  is  responsible  for  the  observed  en 
echelon  fault  geometry.  They  could  not,  however,  quantify 
the  relationship  between  the  geometrical  parameters. 
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Figure  2.  a)  Case  A  -  summary  (map  view)  of  the  results  from  20  simulations  of  fault  steps  in  right-lateral  shear  (for  a  more 
extensive  list  of  parameters,  see  Table  1).  For  each  simulation  only  two  faults  exist,  as  depicted  in  Figure  1b.  Fault  1  is  drawn  with 
a  heavy  dark  line.  The  rupture  first  reached  the  end  of  fault  1  at  2.9  seconds.  All  of  the  fault  2's  are  shown  by  the  light  parallel 
lines.  Each  solid  circle  indicates  the  point  where  a  fault  2  is  first  triggered,  b)  Case  B. 
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While  of  interest  for  understanding  the  static  problem  of 
fault  interaction,  the  aforementioned  quasi-static  analyses  do 
not  include  one  critical  element,  the  time-dependence  of 
fault  rupture.  It  is  the  stress  field  during  rupture  which 
loads  the  next  fault  segment  and  determines  if  the  rupture 
can  jump  to  the  next  fault  segment;  hence  a  quasi-static 
analysis  is  inadequate  for  assessing  the  likelihood  of  one 
segment  of  a  complex  fault  zone  developing  into  a  larger- 
magnitude  event  involving  two  or  more  segments.    A 
dynamic  analysis  is  required  to  investigate  the  conditions 
under  which  a  moderate  M5-6  earthquake  could  cascade 
into  a  devastating  M8  earthquake  by  rupturing  through  fault 
steps.  To  examine  how  the  dynamic  stress  field  affects 
rupture  on  an  adjacent  parallel  segment  I  consider  a  sponta- 
neously propagating  shear  fracture  (a  spontaneously 
propagating  strike-slip  earthquake)  in  an  elastic  medium. 

METHOD 

To  perform  the  numerical  simulations,  a  2D  finite- 
difference  computer  program  (Day  and  Shkoller,  written 
comm.,  1990)  was  used.  The  program  accommodates  non- 
coplanar  fault  segments.  The  two  fault  segments  (shear 
cracks)  were  assigned  half-lengths  of  14  km  (Figure  lb). 
The  rupture  was  initiated  in  the  middle  of  the  first  fault 
segment  then  allowed  to  spontaneously  propagate  using  a 
slip-weakening  fracture  criterion  (Ida,  1972)  and  Coulomb 
friction,  which  dictates  that  both  static  and  dynamic  friction 
are  proportional  to  the  normal  stress.  The  slip-weakening 
fracture  criterion  enforced  a  linear  drop  in  strength  each 
time  a  point  on  a  fault  segment  first  began  to  slip.  (If  the 
physics  required  it,  points  on  a  fault  segment  were  allowed 
to  slip  more  than  once.)  The  strength  was  dropped  linearly 
(in  proportion  to  slip)  from  a  static  yield  strength  to  a 
dynamic  frictional  strength.  The  slip  distance  over  which 


this  strength  decrease  occurred  is  defined  as  the  slip- 
weakening  critical  distance,  dQ.  A  do  of  10  cm  (Day,  1982b) 
was  used.  At  the  end  of  the  first  fault  segment  the  static 
yield  stress  (cohesion)  was  set  sufficiently  high  so  that  the 
rupture  could  not  break  through  into  the  surrounding 
medium.  There  were  three  possible  outcomes:   1)  The 
rupture  could  die  at  the  end  of  the  first  fault  segment.  This 
would  lead  to  the  shortest  rupture  length  and  therefore  the 
smallest  magnitude  earthquake.  2)  The  rupture  could  trigger 
the  second  fault  segment,  but  then  run  out  of  energy  and 
stop  propagating.  This  would  lead  to  a  slightly  larger 
earthquake.  3)  The  rupture  could  trigger  the  second  fault 
segment,  then  continue  to  propagate.  This  last  case  would 
produce  the  largest  earthquake  since  the  rupture  length 
would  be  the  longest. 

RESULTS 

This  section  presents  the  results  from  four  sets  of  2D  cases 
whose  parameters  are  listed  in  Table  1.  For  each  set  of 
cases,  20  simulations  were  run,  with  the  stepover  widths 
ranging  from  -5  to  +5  km  in  0.5  km  intervals.  Each  of  these 
80  simulations  was  for  two  shear  cracks,  simulating  two 
right-lateral  vertical  strike-slip  faults.  The  results  for  test 
cases  A  and  B  are  presented  in  Figure  2,  in  Table  1,  and 
discussed  here;  the  results  from  cases  C  and  D  are  just  listed 
in  Table  1.  Test  case  A  simulated  a  100  bar  dynamic  stress 
drop  (a  high  stress  drop)  using  a  static  coefficient  of  friction 
of  0.75  (an  'average'  value  from  Byerlee  (1978))  and  a 
dynamic  coefficient  of  friction  of  0.3.  The  initial  shear 
stress  was  200  bars,  emulating  a  'weak'  fault  (Brune  and 
others,  1969).  It  took  2.9  seconds  for  the  rupture  to  first 
reach  the  end  of  the  first  fault  segment  (a  supershear  rupture 
velocity).  Rupture  of  the  second  segment  then  depended 


TABLE  1.   Simulation  variables. 


Test  case  name 

A 

B 

C 

D 

Initial  shear  stress  (bars) 

200. 

200. 

200. 

200. 

Initial  normal  stress  (bars) 

333. 

333. 

333. 

333. 

Static  coefficient  of  friction 

0.75 

0.645 

1.10 

0.75 

Dynamic  coefficient  of  friction 

0.30 

0.510 

0.30 

0.51 

P-wave  velocity  (km/s) 

6.000 

6.000 

6.000 

6.000 

S-wave  velocity  (km/s) 

3.464 

3.464 

3.464 

3.464 

Density  (g/cm3) 

2.7 

2.7 

2.7 

2.7 

Grid  size  (km) 

0.25 

0.25 

0.25 

0.25 

Fault  1  half-length  (km) 

14 

14 

14 

14 

Dilational  steps  -  maximum  jump 

distance 

(km) 

5.0 

3.5 

1.0 

0.5 

Compressional  steps  -  maximum 

ump  distance  (km) 

2.5 

2.5 

0.5 

0.5 
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upon  its  geometrical  relationship  with  the  first  fault  seg- 
ment. Figure  2a  summarizes  the  location  and  time  of  the 
first  point(s)  to  rupture  on  the  second  segment  for  the  case 
of  5  km  overlap.  Note  that  the  locations  of  the  initial  point 
of  rupture  on  the  second  fault  segment  differed  for  the 
dilational  and  compressional  steps. 

Test  case  B  simulated  the  stress  drop  from  an  earthquake 
with  an  average  stress  drop  of  30  bars.  This  simulation 
incorporated  a  static  coefficient  of  friction  of  0.645  and  a 
dynamic  coefficient  of  0.51 .  It  took  the  rupture  3.35 
seconds  to  travel  the  14  km  from  the  middle  to  the  end  of 
the  first  fault  segment  (a  supershear  rupture  velocity). 
Figure  2b  shows  the  time-dependent  rupture  pattern  for  case 
B.  Once  again  the  locations  of  the  initial  point  of  rupture  on 
the  offset  segment  differed  for  the  dilational  and  compres- 
sional steps.  Case  B  is  of  interest  because  it  presents  an 
example  of  the  second  outcome  in  which  the  second  fault 
segment  triggered,  but  the  rupture  dies  on  the  second  fault 
segment.  This  occurred  for  the  dilational  step  with  a  4-km 
stepover  width.  The  rupture  died  on  the  second  fault 
segment  because  the  stress  field  was  not  sufficient  to  cause 
failure  over  a  large  enough  patch  length  (on  the  second  fault 
segment)  to  keep  the  rupture  going.  This  case  also  empha- 
sizes the  importance  of  a  dynamic  study.  A  quasi-static 
study  would  not  have  been  able  to  predict  that  the  rupture 
would  die  on  the  second  fault  segment. 
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Figure  3.  Stepover  width  versus  rupture  length,  following 
Wesnousky  (1988).   Points  indicate  fault  steps  which  were  jumped 
during  earthquakes.  Data  are  from  the  1968  Borrego  Mountain,  CA 
earthquake,  1966  Parkfield,  CA  earthquake,  the  1891  Nobi  Japan 
earthquake,  the  1943  Northern  Anatolian  fault  (Turkey)  earthquake, 
and  the  great  1939  Erzincan  earthquake,  also  on  the  northern 
Anatolian  Fault. 


DISCUSSION 

Assumptions  and  selection  of  variables 

I  have  presented  the  results  from  2D  finite-difference 
simulations  of  spontaneous  rupture  propagation  across  fault 
steps.  The  simulated  faults  were  vertical  strike-slip  faults 
set  in  an  otherwise  linearly-elastic  medium.  Of  the  several 
assumptions  incorporated  in  the  models,  the  most  significant 
is  that  2D  models  apply  to  real  faults.  Obviously  a  2D 
model  is  not  ideal;  however,  at  the  very  least  the  2D 
modelling  will  be  a  benchmark  for  comparison  with  future 
three-dimensional  models  (Harris  and  Day,  work  in 
progress)  of  rupture  propagation  across  fault  steps.  Most 
importantly  though,  it  appears  that  the  2D  models  do  a  good " 
job  of  predicting  how  some  observed  geometrical  param- 
eters affect  the  length  of  earthquake  rupture. 

Prior  to  this  study,  researchers  had  plotted  and  tabulated 
field  observations  of  strike-slip  fault  geometry.  Even 
though  many  suspected  that  fault  interaction  did  determine 
some  of  the  relationships,  it  was  not  understood  at  which 
magnitude  these  were  significant.  For  example,  Aydin  and 
Schultz  (1990)  plotted  fault  stepover  width  versus  overlap 
for  values  ranging  from  meters  to  hundreds  of  kilometers. 
Bakun  and  others,  (1980)  proposed  that  the  200  meter 
stepover  observed  in  the  trace  of  the  San  Andreas  fault  near 
Cienega  Road  extends  down  to  8  km  depth  and  controls  the 
ruptures  of  M  3-4  earthquakes.  On  a  similar  scale,  Rymer 
(1989)  proposed  that  a  250  meter  stepover  width  observed 
in  the  1987  Superstition  Hills  earthquake  may  have  affected 
fault  rupture.  Alternatively,  Barka  and  Kadinsky-Cade 
(1988)  and  Harris  and  others  (1991)  suggested  that  any  two 
faults  with  stepover  widths  of  less  than  1  km  and  0.5  km, 
respectively,  probably  merge  at  depth. 

We  also  need  to  investigate  how  the  variables,  including 
the  fault  lengths,  stress  drops,  and  rupture  velocities  affected 
the  numerical  results.  The  fault  length  is  perhaps  the  most 
easily  measured  geometrical  parameter.  In  the  2D  problem, 
the  fault  is  schematically  presented  as  a  line  (which  repre- 
sents the  fault  edge  or  crack  tip),  so  the  fault  length  is  the 
only  length  scale  assigned  to  the  fault.  (In  a  3D  problem  the 
fault  would  also  have  a  depth.)  Day  (1982a)  showed  that 
the  slip-velocity  and  stress  concentrations  at  the  leading 
edge  of  the  fault  scale  with  fault  depth  in  the  3D  case,  while 
they  scale  with  length  in  the  2D  case.  It  therefore  appears 
that  for  2D  models  of  large-magnitude  earthquakes  on 
vertical  strike-slip  faults,  one  should  model  the  fault  half- 
length  as  being  roughly  equivalent  to  the  seismogenic  depth. 
I  selected  a  fault  half-length  of  14  km  for  this  reason;  14  km 
is  approximately  the  seismogenic  depth  for  many  vertical 
strike-slip  faults.  If  one  did  want  to  model  a  fault  which  had 
a  deeper  seismogenic  zone,  then  one  could  extend  the  fault 
length  in  the  2D  simulations.  The  result  is  that  the 
'jumpable'  distance  for  the  rupture  would  increase  linearly 
with  the  increase  in  fault  length  (Andrews,  1976).  It  should 
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be  clear,  though,  that  if  one  wanted  to  model  a  100-km  long 
fault  which  extended  from  the  earth's  surface  down  to  14 
km  depth,  then  for  the  2D  simulations  the  fault  half-length 
would  still  be  14  km. 

Next  I  consider  the  effect  of  the  stress  drop  and  the  rupture 
velocity  on  the  results.  I  presented  80  cases,  using  two 
different  stress  drops,  100  bars  and  30  bars.  The  100  bar 
case  corresponds  to  an  earthquake  with  a  high  average 
stress-drop  and  the  30  bar  case  corresponds  to  an  earthquake 
with  a  moderate  average  stress-drop.  Given  supershear 
rupture  velocities  (cases  A  and  B),  the  100  bar  rupture 
jumped  a  dilational  step  5  km  wide  and  the  30  bar  rupture 
jumped  3.5  km.  Given  subshear  rupture  velocities  (cases  C 
and  D),  the  100  bar  rupture  jumped  1  km  and  the  30  bar 
rupture  jumped  0.5  km.  The  size  of  the  stress  drop  had 
some  influence  on  the  stepover  distance  that  could  be 
jumped,  but  it  appears  that  the  jump  distance  is  particularly 
sensitive  to  the  model  parameters  controlling  rupture 
velocity. 

Comparison  with  field  data 

An  important  point  of  this  study  has  been  to  determine  if  a 
rupture  could  jump  a  fault  step  once  the  stepover  width 
between  the  two  faults  exceeded  some  critical  distance. 
This  critical  distance  would  be  of  utmost  importance  for 
earthquake  hazard  studies.  An  earthquake  rupture  which 
propagates  down  a  30  km  long  fault  segment  and  then  stops 
will  cause  much  less  damage  than  an  earthquake  rupture 
which  propagates  down  the  same  30  km  long  segment  then 
jumps  across  to  break  succeeding  fault  segments.  If  one 
knew  the  critical  'jump'  distance,  then  one  might  be  able  to 
constrain  the  geographical  region  which  could  be  adversely 
affected  by  strong  ground  motion. 

Kneupfer  (1989)  notes  that  in  his  data  collected  from 
world-wide  field  observations  of  strike-slip  faults,  no 
rupture  has  jumped  a  compressional  step  wider  than  5  km 
and  no  rupture  has  jumped  a  dilational  step  wider  than  8  km. 
Barka  and  Kadinsky-Cade  (1988)  showed  evidence  that  the 
1939  great  (M8)  Erzincan  earthquake  rupture  on  Turkey's 
North  Anatolian  fault  jumped  a  dilational  step  4-km  wide. 
This  same  rupture  did  not  jump  a  10  km-wide  dilational  step 
to  the  next  fault  segment  to  the  north  (see  their  Figure  3). 
Based  on  their  extensive  studies  of  strike-slip  faulting  in 
Turkey,  Barka  and  Kadinsky-Cade  (1988)  proposed  that  5 
km  is  probably  the  upper  limit  for  the  critical  'jump' 
distance.  Wesnousky  (1988)  compiled  data  from  strike-slip 
earthquakes  in  California,  in  Turkey,  and  from  the  great 
Nobi,  Japan  earthquake  of  1891 .  His  data  (Figure  3) 
showed  that  the  Nobi  earthquake  jumped  a  3-km  wide 
compressional  step.  Therefore  the  field  observations 
indicate  that  earthquakes  are  unlikely  to  jump  fault  steps 
with  widths  greater  than  8  km,  and  most  likely  5  km  is  an 
upper  limit  for  this  critical  'jump'  distance. 


The  results  from  the  2D  numerical  studies  show  a  range  of 
stepover  widths  which  could  be  jumped.  Case  A  which  had 
a  100  bar  stress  drop  (a  high  average  stress  drop)  and  a 
supershear  rupture  velocity,  showed  that  a  compressional 
step  with  a  width  of  3  km  will  never  be  jumped,  whereas  a 
dilational  stepover  width  of  3  km  could  be  jumped.  Cases 
B-D  showed  smaller  'jumpable'  stepover  widths.  For  each 
set  of  cases  the  maximum  'jumpable'  compressional  step 
was  generally  less  than  the  distance  for  the  corresponding 
dilational  step.  Kneupfer's  (1989)  collection  of  field  data 
supports  this  finding.  He  observed  that  ruptures  jump 
compressional  steps  with  narrower  stepover  widths  than 
dilational  steps. 

Ramifications  for  the  Eastern  San  Francisco  Bay 
Area 

In  the  preceding  discussion  I  have  presented  the  results  of 
a  2D  numerical  study  of  rupture  propagation  across  fault 
steps.  I  have  also  commented  on  observations  of  field  data 
from  fault  steps.  The  field  data  appear  to  support  the 
applicability  of  the  numerical  results  to  understanding  the 
dynamic  behavior  of  real  faults.  In  this  section  I  speculate 
on  the  potential  applications  of  the  numerical  results  for 
determining  earthquake  magnitudes.  The  magnitude  of  a 
strike-slip  earthquake  is  determined  in  part  by  the  rupture 
length.  One  can  gather  geometrical  information  about  a 
given  step  in  a  strike-slip  fault  and  speculate,  using  the 
numerical  models,  as  to  whether  or  not  a  rupture  could  jump 
that  step.  A  few  examples  are  presented  here.  It  important 
to  realize  that  the  conclusions  might  change  significantly  if 
the  faults  were  not  separated  by  a  fault  step  at  depth,  and/or 
if  there  were  any  other  faults  connecting  the  two  fault 
segments  and/or  if  the  zone  between  the  two  faults  consisted 
of  easily  fractured  material.  Taking  all  of  these  uncertainties 
into  consideration,  I  examine  several  strike-slip  faults  in  the 
San  Francisco  Bay  region  of  California. 

Several  right-lateral  strike-slip  fault  zones  extend  north 
and  south  of  the  San  Francisco  Bay  area  (Figure  4).  These 
faults  have  been  the  sites  of  numerous  moderate  to  large 
magnitude  earthquakes  over  the  last  100  years.  Because  the 
area  is  now  densely  populated,  it  has  become  important  to 
estimate  the  magnitudes  of  earthquakes  which  might  strike 
the  Bay  area.  With  this  goal  in  mind,  a  recent  prediction 
based  on  creep  measurements,  geologic  trenching  data  and 
earthquake  history  (WGCEP,  1990)  forecasted  a  >20% 
chance  of  a  large  earthquake  rupturing  the  Hayward  fault  in 
the  next  30  years. 

The  Rodgers  Creek  fault  is  the  northwest  extension  of  the 
Hayward  fault,  on  the  northwest  side  of  San  Pablo  Bay 
(Figure  4).  The  Hayward  and  Rodgers  Creek  faults  appear 
to  be  separated  by  a  4  to  6-km  wide  dilational  step.  Addi- 
tionally, the  southern  part  of  the  Rodgers  Creek  fault  is  a 
'seismic  gap'  and  has  been  postulated  as  the  site  of  a  future 
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Figure  4.  Locations  of  fault  steps  in  the  San  Francisco  Bay  region  of  California,  including  those  examined  in  this  study: 
the  right  steps  between  the  right-lateral  strike-slip  Hayward  and  Rodgers  Creek  faults,  and  between  the  right-lateral 
strike-slip  Concord  and  Green  Valley  faults. 


M7  earthquake  (Budding  and  others,  1991).  The  results  of 
the  2D  numerical  studies  and  of  field  observations  both 
predict  that  a  propagating  earthquake  rupture  is  not  likely  to 
jump  a  6-km  wide  step.  Therefore  it  seems  unlikely  that  an 
earthquake  which  nucleates  on  the  Rodgers  Creek  fault 
would  jump  across  San  Pablo  Bay  (at  the  step)  and  continue, 
to  also  rupture  the  Hayward  fault  (a  devastating  scenario), 
or  vice  versa.  If,  on  the  other  hand,  these  two  faults  were 
not  separate  faults  (e.g.,  if  they  join  at  a  bend  [Wong, 
1991]),  or  if  there  are  cross  faults,  then  the  present  models 
would  not  apply.  The  role  of  complex  connecting  structures 
must  still  be  addressed. 

Another  Bay  area  example  is  the  Concord  fault.  Its 
northern  counterpart  is  the  Green  Valley  fault,  and  a  map 
view  shows  a  2-  to  3-km  wide  dilational  step  between  the 
two  faults  at  Suisun  Bay.  Oppenheimer  and  MacGregor- 
Scott  (1991)  stated  that  there  is  a  10  km  seismic  gap  on  the 


Concord  fault  north  of  the  city  of  Concord  and  that  this  gap 
could  fail  in  a  M5.5  earthquake.  If  this  hypothesized  M5.5 
earthquake  jumped  the  dilational  step  and  ruptured  the 
Green  Valley  fault  then  this  earthquake  could  become  a 
much  larger  event  by  greatly  increasing  its  rupture  length.  It 
is  however  more  difficult  to  speculate  on  whether  an 
earthquake  will  jump  a  2-3  km  wide  dilational  step.  Nu- 
merical and  observational  evidence  suggest  that  dilational 
steps  of  this  width  have  both  stopped  earthquakes  and 
allowed  them  to  continue  propagating.  In  this  light,  whether 
or  not  the  Concord-Green  Valley  fault  step  could  be  jumped 
cannot  be  assessed  based  on  this  analysis. 

The  aforementioned  examples  from  the  San  Francisco  Bay 
area  of  California  demonstrate  how  we  can  use  the  2D 
numerical  results  to  estimate  the  potential  magnitude  of  a 
strike-slip  earthquake.  After  making  the  requisite  assump- 
tions of  strong  elastic  material  between  the  faults  and 
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distinct  vertical  fault  planes  at  depth,  I  postulate  that  a 
strike-slip  earthquake  is  unlikely  to  jump  a  step  wider  than  5 
or  6  km.  I  also  propose  that  it  is  unlikely  that  a  propagating 
rupture  will  jump  a  compressional  step  wider  than  4  km. 
For  fault  steps  narrower  than  4  km  the  assessment  is  more 
difficult.  Both  the  numerical  simulations  and  field  observa- 
tions have  shown  cases  where  ruptures  have  jumped  a  3-4 
km  step  and  where  a  rupture  has  been  stopped  by  a  step  in 
this  width  range.  We  will  need  much  more  information 
about  rupture  velocities,  stress  levels  and  the  subsurface 
geometry  of  faults  before  we  can  speculate  as  to  whether  an 
earthquake  will  jump  a  specific  3-km  wide  step.  Future 
three-dimensional  modelling  will  also  greatly  assist  us  in 
determining  exactly  how  fault  steps  can  control  the  size  of 
an  earthquake. 


SUMMARY 

To  summarize,  I  have  used  2D  numerical  modelling  to 
simulate  dynamic  rupture  propagation  across  fault  steps. 
Previous  non-dynamic  studies  had  presented  differing 
viewpoints,  one  stating  that  a  compressional  fault  step 
would  stop  an  earthquake,  the  other  that  a  dilational  step 
should  stop  it.  The  results  of  this  study  have  shown  that 
earthquake  ruptures  can  spontaneously  propagate  across 
both  dilational  and  compressional  fault  steps,  concurring 
with  field  observations  of  strike-slip  faults.  The  maximum 
stepover  width  which  can  be  jumped  by  a  propagating 
rupture  appears  to  depend  on  the  rupture  velocity  on  the  first 
fault  segment.  The  simulated  earthquake  ruptures  were  able 
to  jump  wider  dilational  steps  than  compressional  steps,  in 
agreement  with  field  observations  of  strike-slip  faults. 
Specific  applications  to  the  San  Francisco  Bay  area  show 
that  a  4-6  km  wide  fault  step  between  the  Hayward  and 
Rodgers  Creek  faults  at  San  Pablo  Bay  may  act  to  stop  an 
earthquake  from  jumping  between  the  two  fault  segments. 
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Re-Evaluation  of  the  1838, 1865, 1868,  and  1890 
Earthquakes  in  the  San  Francisco  Bay  Area 

by 
Martitia  Tuttle1  and  Lynn  Sykes1  2 


ABSTRACT 

The  1989  Loma  Prieta  and  other  modern  earthquakes  are  used  to  calibrate  the  size  and  location  of  the 
largest  19th  century  earthquakes  in  the  San  Francisco  Bay  area,  including  the  June  1838,  October  8,  1865, 
October  21 ,  1 868,  and  April  24,  1 890  events.  To  date,  we  have  not  re-evaluated  the  June  1 0,  1 836  earthquake, 
which  presumably  ruptured  the  northern  segment  of  the  Hayward  fault.  The  term  fault  segment  as  used  here  is 
meant  to  include  all  faults  within  a  particular  fault  zone.  The  area  of  high  intensities  generated  by  the  1865 
earthquake  seems  to  have  been  centered  in  the  Santa  Clara  Valley  and  the  eastern  foothills  of  the  Santa  Cruz 
Mountains,  suggesting  that  the  1865  shock  was  located  northeast  of  the  Loma  Prieta  rupture  and  not  on  the 
San  Andreas  fault.  In  addition,  the  felt  areas,  taken  to  be  one  of  the  best  measures  of  relative  source  size,  of 
Modified  Mercalli  (MM)  intensities  V  and  VI  for  the  1865  shock  are  smaller  than  that  of  the  1989  event.  Cali- 
brated with  the  Loma  Prieta,  the  1984  Morgan  Hill,  and  the  1979  Coyote  Lake  earthquakes,  the  average 
moment  magnitude  (Mw)  for  the  1865  event  derived  from  its  felt  areas  is  about  Mw  6.5  +  0.2.  Also  based  on  its 
felt  areas,  the  1868  shock,  which  clearly  ruptured  the  southern  segment  of  the  Hayward  fault,  was  very  close  in 
size  to  the  Mw  6.9,  1989  Loma  Prieta  earthquake.  Similar  effects  and  intensities  in  the  Monterey  Bay  area 
during  both  the  1989  and  1838  events  suggest  that  the  1838  shock  probably  ruptured  the  Loma  Prieta  segment 
in  addition  to  the  Peninsula  segment  of  the  San  Andreas  fault.  If  so,  the  resulting  earthquake  would  have  been 
of  Mw;>7.2.  Thus,  like  segments  of  many  other  plate  boundaries,  the  Loma  Prieta  segment  exhibits  heteroge- 
neous behavior  in  that  sometimes  it  ruptures  with  the  Peninsula  segment,  as  in  1906  and  possibly  in  1838,  and 
at  other  times  it  ruptures  alone,  as  in  1989. 

If  these  preliminary  results  are  correct,  then  the  Loma  Prieta  segment  may  rupture  with  or  without  the  Penin- 
sula segment  every  76  ±  11  years.  These  data  on  repeat  times  may  be  the  most  accurate  information  now 
available  for  ascertaining  the  date  of  future  rupture  of  that  segment  and  for  testing  recurrence  models.  The 
relatively  small  size  of  the  1 865  earthquake,  Mw  6.5  compared  to  6.9  of  the  1 989  event,  would  be  consistent 
with  it  being  part  of  the  long-term  seismic  build-up  to  the  1 868  event  rather  than  a  paired  event  of  similar  size.  If 
the  1865  earthquake  did  occur  northeast  of  the  Loma  Prieta  segment  between  the  San  Andreas  and  Calaveras 
faults,  then  its  source,  located  closer  to  San  Jose,  could  pose  a  hazard  to  the  southern  San  Francisco  Bay  area 
in  the  future.  Ongoing  searches  of  letters  and  diaries  of  missionaries  and  early  settlers  will  hopefully  yield  new 
information  that  could  help  to  further  constrain  the  locations  and  magnitudes  of  these  and  other  historic  earth- 
quakes. 


INTRODUCTION 

and  others,  1990).  This  kind  of  information  can  aid  in  the 

The  locations  and  magnitudes  of  many  historic  earth-  r ..        _,.        .  ..  ,    r     .       e    ,,   •    ,. 

to  ,        ,  assessment  of  the  earthquake  potential  of  active  faults  in  the 


Bay  area. 


quakes  in  the  San  Francisco  Bay  area  have  been  determined 

from  isoseismal  maps  constructed  from  earthquake  effects 

reported  mainly  in  newspapers  (Toppozada  and  others,  The  1989  Loma  Prieta  earthquake  was  the  first  event  to 

1981).  By  comparing  historic  and  modern  events,  possible  occur  in  the  magnitude  M  7  range  in  the  San  Francisco  Bay 

repeated  ruptures  of  fault  segments  can  be  identified,  as  has  area  since  the  great  1906  earthquake.  The  1989  event 

recently  been  done  for  the  Calaveras  fault  (Oppenheimer  ruptured  the  Loma  Prieta  segment  of  the  San  Andreas  fault 

1  Seismology,  Geology  and  Tectonophysics  Group,  Lamont-Doherty  Geological  Observatory  of  Columbia  University,  Palisades,  NY  10964 

2  Also  at  the  Department  of  Geological  Sciences  of  Columbia  University 
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(Figure  1)  in  an  earthquake  of  local  magnitude  ML  6.9  and 
moment  magnitude  Mw  6.9  (Plafker  and  Galloway,  1989; 
McNally  and  others,  1990).  The  Loma  Prieta  segment 
occurs  within  a  transpressional  restraining  bend  of  the  San 
Andreas  fault  zone,  and  therefore,  its  slip  behavior  is  likely 
to  be  more  complex  than  many  other  sections  of  the  fault. 
The  particular  fault  within  this  segment  that  ruptured  in 
1989  dips  steeply  to  the  southwest  and  accommodated  both 
right-lateral  strike-slip  and  reverse  motion  during  that  event. 
It  is  generally  accepted  that  the  Loma  Prieta  segment,  but 
not  necessarily  the  exact  same  fault  within  the  San  Andreas 
fault  zone  (here  taken  to  be  a  few  kilometers  wide),  ruptured 
in  both  1906  and  1989.  Therefore,  we  think  that  the  time- 
predictable  model  is  still  appropriate  for  calculating 
approximate  earthquake  repeat  times  for  that  area  so  long  as 
it  is  understood  to  apply  to  rupture  of  a  segment  and  not  of 
one  particular  fault  within  a  segment.  Because  it  was  well- 
recorded  and  its  effects  well-documented,  the  1989  event 
can  be  used  to  calibrate  historic  earthquakes  of  similar 
magnitude.  We  have  begun  to  re-evaluate  data  on  large 
historic  earthquakes  in  the  Bay  area  using  the  1989  Loma 
Prieta  and  other  modern  earthquakes  for  calibration  of  the 
locations  and  magnitudes  of  older  events  (Tuttle  and  Sykes, 
1992). 

LOCATIONS  OF  HISTORIC 
EARTHQUAKES 

The  1838  Earthquake 

The  1838  earthquake  is  generally  accepted  to  have  broken 
at  least  the  Peninsula  segment  of  the  San  Andreas  fault 
(Figure  1;  Ellsworth,  1990).  This  interpretation  is  based  on 
an  account  by  Charles  Brown  who  is  thought  to  have  been 
living  in  Woodside  at  the  time  of  the  event  (Louderback, 
1947).  According  to  Brown,  many  redwood  trees  were 
"broken  off  and  hurled"  near  Woodside,  "the  ground  was 
cracked  in  all  directions,  and  an  immense  opening  was  made 
which  extended  from  near  Lone  Mountain  to  the  Mission 
San  Jose."  Louderback,  who  studied  this  event  in  detail, 
thought  that  the  reference  to  Mission  San  Jose  was  probably 
a  mistake  and  that  Brown  was  describing  surface  rupture  of 
the  San  Andreas  that  extended  from  Lone  Mountain,  located 
south  of  San  Francisco,  southeastward  along  the  fault  in  the 
direction  of  Mission  Santa  Clara,  rather  than  Mission  San 
Jose.  Taking  into  account  damage  to  the  missions  in  the  San 
Francisco  Bay  area,  Louderback  suggested  that  the  1838 
event  was  at  least  as  violent  if  not  more  violent  than  the 
1906  earthquake  and  that  the  1838  event  may  have  resulted 
from  rupture  of  the  entire  length  of  the  San  Andreas  fault 
that  ruptured  in  1906.  He  pointed  out  that  north  of  Lone 
Mountain,  the  San  Andreas  passed  beneath  the  Pacific  ocean 
and  south  of  Santa  Clara  it  passed  through  uninhabited 
country,  where  surface  rupture  in  1838  would  not  have  been 
observed. 


Louderback  (1947)  also  pointed  out  that  in  1838,  the 
intensity  in  the  Monterey  area  was  higher  than  would  be 
expected  for  rupture  of  the  Peninsula  segment  alone.  He 
concluded  that  rupture  in  the  1838  shock  extended  into  the 
southern  Santa  Cruz  Mountains,  perhaps  even  farther  south 
along  the  San  Andreas  fault  than  the  rupture  in  1906.  His 
conclusion  was  based  on  an  account  by  Davis  that  in 
Monterey  "crockery  and  glassware  were  broken,  and  some 
of  the  walls  of  the  adobe  dwellings  were  cracked,"  and  a 
second  account  by  Simpson  that  the  church  of  the  Carmel 
Mission,  located  about  8  km  south  of  Monterey,  was 
"severely  shattered"  by  an  earthquake  (Louderback,  1947). 
We  accept  the  account  of  Davis  because  he  apparently 
visited  Monterey  within  days  or  weeks  of  the  1838  event. 
Simpson,  on  the  other  hand,  visited  the  Carmel  Mission  in 
January  1842,  three  and  a  half  years  after  the  1838  event. 
Furthermore,  Simpson  does  not  specify  which  earthquake 
was  responsible  for  the  damage  to  the  church.  Therefore,  we 
think  that  Louderback's  connection  of  the  damage  at  Carmel 
Mission  with  the  1838  earthquake  is  tenuous.  The  effects  in 
Monterey  in  1838  were  comparable  to  those  during  the  1989 
Loma  Prieta  earthquake,  as  well  as  those  due  to  the  1906 
earthquake,  which  is  thought  to  have  ruptured  both  the 
Peninsula  and  Loma  Prieta  segments  of  the  San  Andreas 
fault.  Also,  intensities  were  similar  in  the  San  Jose  area  for 
both  the  1838  and  1989  events.  Therefore,  we  concur  with 
Louderback  (1947)  that  the  1838  earthquake  ruptured 
through  the  Loma  Prieta  segment,  but  we  do  not  think  that 
the  evidence  warrants  extending  the  1838  rupture  any 
farther  south. 

The  1865  Earthquake 

It  has  been  suggested  by  several  investigators  that  the 
1865  earthquake  was  located  near  the  epicenter  of  the  Loma 
Prieta  event  and  that  the  Loma  Prieta  event  was  "a  dupli- 
cate" or  repeat  of  the  1865  earthquake  (McNutt  and 
Toppozada,  1990;  Ellsworth,  1990).  If  so,  this  would  have 
important  implications  for  earthquake  prediction  in  the  San 
Francisco  Bay  area.  Therefore,  we  thought  it  was  important 
to  re-evaluate  the  1865  earthquake  in  detail.  We  reviewed 
original  newspaper  articles  pertaining  to  the  1865  event  in 
order  to  compare  effects  and  intensities  of  the  two  earth- 
quakes at  localities  in  the  meizoseismal  area.  There  is 
paucity  of  intensity  data  south  of  San  Juan  Bautista. 
Additional  data  are  needed  in  this  area  to  more  accurately 
define  the  location  and  magnitude  of  this  event.  For  this 
reason,  we  are  directing  much  of  our  effort  to  uncover  new 
information  about  the  effects  of  the  1865  earthquake  in  this 
area. 

Table  1  summarizes  intensity  assignments  for  the  1865 
event  as  well  as  the  1838,  1906  and  1989  events.  For  more 
information  on  our  intensity  assignments,  see  Tuttle  and 
Sykes,  1992.  Our  determinations  for  the  1865  event  differ 
slightly  from  those  of  Toppozada  and  others  (1990)  and 
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Figure  1 .  Earthquake  effects  and  assigned  intensities  of  the  June  1838  earthquake  for  localities  in  the  Monterey  Bay  and  San  Francisco  Bay  areas 
Effects  are  similar  in  Monterey  for  the  1838,  1906  and  1989  earthquakes.  The  Peninsula  segment  of  the  San  Andreas  fault  (shown  by  thick  line)  and 
possibly  the  adjacent  Loma  Prieta  segment  (shown  by  thin  line)  ruptured  in  1838  in  an  earthquake  of  M^.2. 
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Table  1.  Modified  Mercalli  intensities  for  the  October  18,  1989  and  October  8,  1865  earthquakes  at  localities  in  Monterey  Bay-southern 
San  Francisco  Bay  area. 


Locality 

19891 

19062 

18652 

18653 

18654 

18383 

San  Jose 

VII 

IX 

VII-VIII 

VIII 

VII-VIII 

VII 

New  Almaden 

VI+ 

VIII 

VIM 

IX 

VII-VIII 

ID 

Santa  Cruz 

VIII 

VII-VIII 

VII 

VII-VIII 

VII-VIII 

ID 

Corralitos 

VIII 

VIII 

VI-VII 

VII? 

VII 

ID 

Watsonville 

VIII 

VIII 

VII 

VII 

VII-VIII 

ID 

Monterey 

VI 

VI 

<IV 

F 

NA 

VI 

'Stover  and  others,  1990. 
2This  paper. 

3Toppozada  and  others,  1981. 
"McNutt  and  Toppozada,  1990. 


F  =  Felt;  NA  =  Not  Available;  ID  =  Insufficient  Data. 


McNutt  and  Toppozada  (1990).  Differences  in  intensity 
between  the  1865  and  1989  earthquakes  are  illustrated  in 
Figure  2  by  boxes  corresponding  to  the  localities  consid- 
ered. Three  out  of  five  localities  northeast  of  the  San 
Andreas  fault  experienced  higher  intensities  in  1865  than  in 
1989;  whereas,  the  remaining  six  localities,  all  southwest  of 
the  San  Andreas  fault  zone,  experienced  higher  intensities  in 
1989.  At  every  locality  considered  in  the  Monterey  Bay 
area,  intensities  were  higher  in  1989  than  in  1865.  This 
comparison  illustrates  that  the  1865  earthquake  was 
probably  located  northeast  of  the  1989  Loma  Prieta  rupture 
of  the  San  Andreas  fault  and  fairly  close  to  the  heavily 
populated  San  Jose  area. 

A  zone  of  compressional  deformation  expressed  by 
reverse  faulting  occurs  northeast  of  the  San  Andreas  fault 
(Figure  2).  This  zone  is  widest  adjacent  to  the  Loma  Prieta 
segment  which  occurs  within  a  transpressional  restraining 
bend  of  the  San  Andreas  fault  (Nishenko  and  Williams, 
1985).  One  of  the  faults  within  this  compressional  zone, 
such  as  the  Sargent,  Berrocal,  Ben  Trovato,  or  Shannon 
fault,  may  have  been  the  source  of  the  1865  event.  Unfortu- 
nately, there  is  very  little  geologic  information  pertaining  to 
the  age  of  faulting  within  this  zone.  Only  the  Shannon  fault 
is  known  to  have  slipped  in  the  past  20  ka  (McLaughlin, 
1990).  This  compressional  zone  northeast  of  the  Loma 
Prieta  segment  is  characterized  by  very  steep,  mountainous 
topography.  Some  process  other  than  repeated  displace- 
ments due  to  1906-  and  1989-type  earthquakes  is  needed  to 
build  the  topography  in  this  area.  Earthquakes  such  as  that 
in  1865  may  have  been  involved  in  that  process.  Modeling 
coscismic  static  stress  changes  following  the  Loma  Prieta 
earthquake,  Reasenberg  and  Simpson  (1992)  found  that  the 
Hay  ward  fault  experienced  a  relaxation  of  stress.  Therefore, 
if  the  1865  event  resulted  from  rupture  of  the  same  or  nearly 
the  same  segment  of  the  San  Andreas  fault,  it  would  have 
reduced  the  stress  and  thus  the  likelihood  of  rupture  on  the 
Hayward  fault  in  1868. 


The  1890  Earthquake 

An  event  in  1890  was  thought  to  have  ruptured  a  small 
segment  of  the  San  Andreas  fault  in  the  Pajaro  River  gap 
between  Watsonville  and  San  Juan  Bautista  (Figure  2).  This 
interpretation  was  based  on  (1)  isoseismal  contouring  of 
intensity  data  (Toppozada  and  others,  1981),  (2)  the  forma- 
tion of  a  ground  crack  near  San  Juan  Bautista,  and  (3)  a  0.5 
m  displacement  of  the  railroad  bridge  that  crosses  the  Pajaro 
River  at  Chittenden  (Lawson,  1908).  Given  the  experience 
of  secondary  ground  cracking  in  this  same  area  during  the 
1989  earthquake,  it  is  possible  that  the  ground  crack  that 
formed  near  San  Juan  Bautista  in  1890  and  the  displacement 
of  the  bridge  near  Chittenden  may  have  been  due  to  ground 
shaking  or  liquefaction-related  ground  failure.  Therefore,  we 
think  that  there  is  no  longer  a  strong  rationale  for  placing  the 
1890  shock  on  the  San  Andreas  fault.  The  1890  event  may 
have  occurred  on  one  of  several  faults  in  this  area  that 
appear  to  be  seismogenic  such  as  the  Sargent  and  Busch 
faults.  Additional  information  is  needed  for  this  event  to 
better  constrain  its  location. 

MAGNITUDES  OF  HISTORIC 
EARTHQUAKES 

We  calculated  moment  magnitudes  (Mw)  for  the  1865, 
1868,  and  1890  events  using  magnitude-felt  area  relation- 
ships that  we  developed  specifically  for  the  San  Francisco 
Bay  area.  These  relationships  are  based  on  the  three  largest 
modern  earthquakes  to  occur  in  this  area,  the  1989  Loma 
Prieta,  1984  Morgan  Hill,  and  1979  Coyote  Lake  events. 

The  relationships  between  moment  magnitude  (Mw)  and 
felt  areas  were  derived  assuming  the  linear  relationship: 


M 


w 


A  +  B  log  (felt  area). 


The  two  unknowns  A  and  B  were  determined  separately 
for  felt  areas  of  MM  intensity  V  and  VI  using  moment 
magnitudes  and  felt  areas  of  the  1989,  1984,  and  1979 
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Figure  2.  Faults  and  segments  of  the  San  Andreas  fault  system  in  the  San  Francisco  Bay  area  (after  Jenkins,  1977)  and 
differences  in  intensities  between  1989  and  1865  earthquakes  at  designated  localities.  Higher  intensities  in  1865  are  shown 
by  shaded  boxes  and  higher  intensities  in  1989  are  shown  by  solid  boxes;  size  of  boxes  indicates  difference  in  MM  intensities 
between  the  two  events.  Epicenter  of  the  1989  shock  that  ruptured  the  Loma  Prieta  segment  denoted  by  star.  LC=Lake 
Chabot;  WS=Warm  springs;  LCS=Lower  Crystal  Springs  Reservoir;  FGS=Felton  Guard  Station;  HC=  Hughes  Creek.  The 
actual  terminations  of  the  fault  segments  may  be  transitional  over  a  distance  of  5  to  10  km.  The  Peninsula  segment  of  the  San 
Andreas  fault  extends  from  about  2  km  northwest  of  LCS  to  FGS,  and  the  Loma  Prieta  segment  extends  from  FGS 
southeastward  to  HC.  The  northern  segment  of  the  Hayward  fault  extends  northwestward  from  LC,  and  the  southern  segment 
of  the  Hayward  fault  extends  southeastward  from  LC  to  WS. 
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earthquakes.  The  relationships  were  developed  for  felt  areas 
of  MM  intensity  V  and  VI.  These  intensities  and  felt  areas 
were  chosen  because  they  were  close  enough  to  the  earth- 
quake epicenter  to  be  relatively  well  defined,  yet  far  enough 
away  from  the  epicenter  so  as  not  to  be  greatly  influenced 
by  variations  in  rupture  depths  and  local  rock  and  soil 
conditions.  Mw  rather  than  the  local  magnitude  ML  was 
used  as  a  standard  here.  Nevertheless,  the  two  magnitudes 
are  nearly  identical  for  each  of  three  recent  calibration 
events.  The  relationships  thus  developed  are: 

Mw  =1.65  log  A(V)- 1.20, 

Mw  =1.00  log  A(VI)  + 2.44,  (1) 

where  A(V),  for  example,  is  the  area  in  square  kilometers 
shaken  at  MM  intensity  V  or  greater.  The  felt  areas  we  used 
represent  total  inferred  area  (land  and  offshore  areas 
combined).  Isoseismal  maps  of  the  historic  earthquakes 
(Toppozada  and  others,  1981)  were  re-evaluated,  and  in  all 
three  cases,  the  intensity  data  were  re-contoured. 

Comparing  the  calculated  magnitudes  of  the  historic 
earthquakes  (Table  2),  the  1865  earthquake  of  Mw  6.5±0.2 
was  probably  larger  in  size  than  the  1890  event  of  Mw  6.3± 
0.2  and  smaller  than  the  1868  event  of  Mw6.8±0.2.  These 
values  represent  average  Mw  values  and  their  standard 
errors  of  the  mean.  Therefore,  there  is  some  overlap  in  the 
magnitude  range  of  the  1865  earthquake  with  the  other 
events.  However,  using  the  Student's  T-test,  the  magnitude 
of  the  1865  and  1868  earthquakes  are  significantly  different 
at  the  75%  confidence  level.  We  hope  to  improve  our 
knowledge  of  the  magnitudes  of  these  and  other  historic 
earthquakes  by  evaluating  the  effects  of  directivity  and 
velocity  structure  on  intensity  patterns  in  this  area  and  by 
including  additional  modern  events  in  our  regression  of 
magnitudes  and  felt  areas  . 


For  the  1838  earthquake,  there  are  not  enough  felt  reports 
available  to  draw  isoseismal  maps  and  to  derive  a  magnitude 
from  its  felt  areas.  Therefore,  we  summed  the  moment 
release  of  the  Loma  Prieta  segment  during  the  1989  earth- 
quake with  that  of  a  potential  rupture  of  the  Peninsula 
segment  to  the  northwest,  as  recently  estimated  by  the 
WGCEP  (1990).  In  this  way  we  derived  Mw  7.2  for  the 
1838  event.  This  calculated  magnitude  probably  represents  a 
minimum  value  because  an  event  rupturing  through  more 
than  one  segment  of  a  fault  is  typically  characterized  by  a 
greater  moment  release  than  the  sum  of  the  moment  releases 
for  each  segment  (Scholz,  1990). 

REPEAT  TIME  OF  THE  LOMA  PRIETA 
SEGMENT 

If  the  Loma  Prieta  segment  of  the  San  Andreas  fault  zone 
(but  not  necessarily  exactly  the  same  fault  or  portions  of  a 
fault  in  this  complex  transpressional  restraining  bend) 
ruptured  in  1838,  1906  and  1989,  its  average  repeat  time 
and  the  standard  deviation  are  76±11  years  (Figure  3).  If  it 
ruptured  in  1865  and  not  in  1838,  the  repeat  time  would  be 
shorter,  about  62  years,  and  the  uncertainty  would  be  ±30 
years.  We  think  that  the  data  favors  the  76  year  average 
repeat  time  and  its  associated  smaller  standard  deviation. 
While  the  reverse  component  of  fault  motion  in  the  1989 
event  appears  to  be  more  atypical  of  the  behavior  of  the 
Loma  Prieta  segment  in  large  earthquakes,  the  release  of 
horizontal  right-lateral  shear  strain  is  probably  a  much  more 
common  occurrence  as  suggested  by  the  1906  and  1989 
events  and  the  rate  of  long-term  horizontal  slip  of  1.9±0.4  m 
per  century  (Segall  and  Lisowski,  1990;  WGCEP,  1990). 
Therefore,  the  first  order  behavior  of  the  Loma  Prieta 
segment,  or  release  of  horizontal  shear  strain,  appears  to  be 
reflected  in  the  76±11  year  repeat  time  that  we  obtain. 


Table  2.  Felt  areas  (KM2)  and  moment  magnitudes  for  large  earthquakes  associated  with  the  San  Andreas  fault  system  in  the  San 
Francisco  Bay  area. 


Date 

Av, 

K 

Av 

Mv 

Mw 

October  17,  1989 

31 ,300 

6.94 

73,000 

6.84 

6.92 

April  24,  1984 

3,930 

6.04 

33,900 

6.29 

6.15 

August  6,  1979 

2,440 

5.83 

14,300 

5.67 

5.74 

April  24,  1890 

5,180 

6.16 

43,200 

6.49 

6.32  ±0.16 

October  21,  1868 

38,400 

7.03 

55,100 

6.64 

6.84  +  0.20 

October  8,  1865 

17,400 

6.69 

35,800 

6.33 

6.51  ±0.18 

Mviand  Mv  calculated  using  Equation  (1). 

Mw  =  average  moment  magnitude  and  its  standard  error  of  the  mean  for  the  three  oldest  events,  and  calculated  values  from  log 

(Mo)  =  1.5  Mw  +  9.1  using  the  following  seismic  moments  in  units  of  N-m:  1989,  3.0  x  1019  (Hanks  and  Krawinkler,  1991);  1984,  2.1  x 

10'8;  1979,  5.1  x  10"  (Dziewonski  and  others,  1990). 
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Figure  3.  Space-time  diagram  of  ruptures  of  the  San  Andreas  fault  between  Bolinas  and  San  Juan  Bautista  illustrating  the  76  +  11  year 
repeat  time  for  the  Loma  Prieta  segment.  Distances  along  fault  are  measured  from  San  Juan  Bautista  (see  Figure  1). 


CONCLUSIONS 

We  have  re-evaluated  the  size  and  location  of  several  of 
the  largest  19th  century  earthquakes  in  the  San  Francisco 
Bay  area,  specifically  the  June  1838,  October  8,  1865, 
October  21,  1868,  and  April  24,  1890  events.  Our  re- 
evaluation  is  based  on  the  comparison  of  these  historic 
events  with  several  modern  earthquakes,  including  the  1989 
Loma  Prieta,  the  1984  Morgan  Hill,  and  the  1979  Coyote 
Lake  events.  Based  on  this  re-evaluation,  we  think  that  both 
the  Peninsula  and  Loma  Prieta  segments  of  the  San  Andreas 
fault  ruptured  in  1838  in  an  earthquake  of  Mw±7.2  (Figure 
4).  We  also  think  that  the  1865  event  was  centered  in  the 
Santa  Clara  Valley  or  eastern  foothills  of  the  Santa  Cruz 
Mountains,  and  therefore,  probably  did  not  rupture  the  San 
Andreas  fault.  From  magnitude-felt  area  relationships 
developed  for  the  San  Francisco  Bay  area,  we  estimate  a 


Mw  of  6.5  for  the  1865  event.  Using  the  same  relationships, 
we  estimate  the  magnitude  of  the  1868  earthquake,  which 
probably  ruptured  the  southern  portion  of  the  Hayward  fault, 
to  be  Mw  6.8.  In  light  of  ground  fractures  resulting  from 
shaking  during  the  Loma  Prieta  earthquake,  we  think  that 
there  is  no  longer  a  strong  argument  for  placing  the  1890 
event  on  the  segment  of  the  San  Andreas  fault  between 
Watsonville  and  San  Juan  Bautista.  We  estimate  the  1890 
event  to  have  been  of  Mw  6.3±0.2. 

If  our  interpretations  about  these  historic  earthquakes  are 
correct,  then  several  conclusions  with  important  implica- 
tions for  earthquake  hazard  assessment  in  the  Bay  area  can 
be  drawn:  (1)  an  unidentified  source  may  be  located  in  the 
Santa  Clara  Valley  or  in  the  eastern  foothills  of  the  Santa 
Cruz  Mountains  that  is  capable  of  generating  Mw  6.3-6.7 
earthquakes;  if  so,  this  source  may  pose  a  threat  to  the 
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Figure  4.  Ruptures  zones  of  large  historic  earthquakes  associated  with  the  San  Andreas  fault  system  in  the  San  Francisco  Bay  area. 
The  1989  rupture  of  the  Loma  Prieta  segment  of  the  San  Andreas  fault  and  its  largest  aftershock  are  shown  for  reference  in  black 
(WGCEP,  1990).  The  1838  event  probably  ruptured  the  Loma  Prieta  segment  as  well  as  the  Peninsula  segment  of  the  San  Andreas 
fault.  The  exact  location  of  the  1865  rupture  is  uncertain  but  it  lies  somewhere  between  the  Loma  Prieta  segment  and  the  southern 
portions  of  the  Hayward  and  Calaveras  faults,  possibly  on  one  of  several  reverse  faults  in  the  Santa  Cruz  Mountains  northeast  of  the 
San  Andreas  fault.  Similarly,  the  1890  rupture  may  have  occurred  off  the  San  Andreas  fault.  The  1906  rupture  zone,  which  is  not 
shown,  included  the  entire  San  Andreas  fault  in  Figure  2  to  the  northwest  of  HC  and  perhaps  as  far  to  the  southeast  as  San  Juan 
Bautista.  Major  faults  are  denoted  by  solid  lines.  The  sources  that  ruptured  in  events  of  1865  and  1890  and  their  orientations  (shown 
schematically  as  trending  northwest,  parallel  to  much  of  the  region's  structural  fabric)  are  not  known. 
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southern  San  Francisco  Bay  area  during  future  1865-type 
earthquakes;  (2)  the  1865  earthquake  was  part  of  a  long- 
term  buildup  preceding  the  1868  earthquake  and  not  a 
paired  event  similar  in  size  to  the  1868;  therefore,  the  1989 
Loma  Prieta  earthquake  should  not  be  considered  the  first 
event  of  a  pair  of  similarly  sized  earthquakes;  and  (3)  the 
Loma  Prieta  segment  of  the  San  Andreas  fault  appears  to 
exhibit  heterogeneous  rupture  like  segments  of  other  plate 
boundaries  and  may  rupture  every  76±11  years  with  or 
without  the  Peninsula  segment. 
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The  Seismicity  of  the  Hayward  Fault,  California 

by 
David  H.  Oppenheimer1,  Ivan  G.  Wong2,  and  Fred  W.  Klein1 


ABSTRACT 

Analysis  of  seismicity  recorded  by  the  University  of  California  at  Berkeley  (UCB)  since  1910  and  the 
USGS  since  1969  indicates  that  earthquakes  of  ML^4.5  occur  on  or  adjacent  to  the  Hayward  fault  from 
Point  Pinole  to  the  juncture  of  the  Hayward  and  Mission  faults.  South  of  this  juncture  the  Hayward  fault 
is  aseismic  for  approximately  15  km  where  shallow  (s4  km)  M  s3  seismicity  resumes  for  about  13  km 
until  the  Hayward  fault  intersects  the  Calaveras  fault  near  the  epicenter  of  the  1984  Morgan  Hill 
earthquake.  Cross  sections  of  seismicity  indicate  that  the  Hayward  fault  is  nearly  vertical  over  most  of 
its  length,  and  the  vertical  extent  of  the  seismogenic  zone  is  less  than  13  km.  We  attribute  non-vertical 
distributions  of  seismicity  to  systematic  mislocations  arising  from  un-modeled  velocity  variations  across 
the  fault.  Focal  mechanisms  are  generally  consistent  with  right-lateral  motion  on  a  vertical  fault,  but 
near  San  Leandro  secondary  faults  adjacent  to  the  Hayward  fault  exhibit  oblique  right-lateral,  reverse 
motion.  Gaps  in  seismicity  may  indicate  main  shock  rupture  zones,  but  uncertainties  in  earthquake 
locations  and  focal  mechanisms  make  it  difficult  to  determine  whether  most  earthquakes  occur  on  the 
Hayward  fault  or  on  small,  reverse  faults  immediately  adjacent  to  the  fault.  As  a  consequence,  the 
seismicity  data  are  insufficient  at  present  to  be  able  to  recognize  the  segment  boundaries  of  the  1836 
and  1868  earthquakes  and  to  unambiguously  forecast  where  future  main  shocks  might  occur. 


INTRODUCTION 

The  Hayward  fault  poses  a  major  seismic  hazard  to  the 
San  Francisco  Bay  region.  When  the  next  earthquake  occurs 
whose  size  is  comparable  to  the  magnitude  (M)  7  events  in 
1836  or  1868,  the  resulting  damage  and  casualties  will 
probably  exceed  the  levels  caused  by  the  M  7.0  1989  Loma 
Prieta  earthquake  due  to  the  fault's  proximity  to  regions 
with  high  urban  concentration.  The  WGCEP  (1990) 
estimated  probabilities  for  aM^7  earthquake  on  the 
northern  and  southern  Hayward  fault  to  be  28%  and  23%, 
respectively,  for  the  next  30  years.  These  probabilities  are 
based,  in  part,  on  the  assumption  that  the  1836  and  1868 
earthquakes  ruptured  the  Hayward  fault,  and  that  the 
segments  of  the  fault  that  ruptured  can  be  inferred  from 
limited  historical  accounts  of  surface  rupture  and  isoseismal 
patterns.  Because  the  accounts  of  these  historic  earthquakes 
are  limited,  we  attempt  in  this  study  to  image  the  likely 
rupture  zones  of  the  1836  and  1868  main  shocks  by  analysis 
of  the  instrumentally  recorded  earthquakes  that  have 
occurred  in  the  vicinity  of  the  Hayward  fault. 


SEISMICITY  RECORDED  BY  THE  UCB 
1910-1968 

Knowledge  of  the  historic  seismicity  of  the  Hayward  fault, 
with  the  exception  of  the  1836  and  1868  earthquakes, 
essentially  began  with  the  systematic  recording  and  location 
of  events  by  the  University  of  California  at  Berkeley  (UCB) 
seismograph  stations  in  1910.  Although  the  first  UCB 
stations  were  installed  in  Berkeley  and  atop  Mt.  Hamilton  in 
1887,  an  adequate  number  of  stations  was  not  available  for 
computing  earthquake  locations  until  a  third  station  was 
established  in  Palo  Alto  in  1927.  Prior  to  1932,  earthquake 
locations  were  assigned  latitude  and  longitude  coordinates 
based  on  geographic  locations,  usually  towns  reporting  the 
maximum  intensity.  A  total  of  32  earthquakes  was  reported 
by  UCB  from  1910  through  1931  that  were  assigned 
locations  in  the  vicinity  of  the  Hayward  fault.  Epicentral 
uncertainties  are  probably  as  large  as  20  km.  From  1932 
through  1959,  134  earthquakes  were  recorded  by  three  or 
more  UCB  stations  and  were  graphically  located.  These 
events  probably  have  epicentral  and  focal  depth  uncertain- 
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ties  of  approximately  10  km.  From  1960  through  1968, 
more  realistic  crustal  velocity  models  were  developed,  and 
48  events  were  computer-located;  hence,  the  epicentral  and 
focal  depth  uncertainties  probably  improved  to  2  km  and  5 
km,  respectively. 

Richter  magnitudes  (ML)  for  earthquakes  recorded  by 
UCB  were  not  systematically  computed  until  the  mid- 
1930's,  following  the  installation  of  Wood-Anderson 
seismographs  at  Mt.  Hamilton  and  Berkeley  in  1928  and 
1930,  respectively.  Prior  to  that  time,  only  maximum  felt 
intensities  were  assigned  to  events,  particularly  in  populated 
areas  such  as  along  the  Hayward  fault.  To  assess  the  level  of 
seismicity  through  time,  we  have  assumed  that  earthquakes 
with  reported  maximum  Modified  Mercalli  (MM)  intensities 
of  V  are  generally  MLa3.0,  based  on  an  approximate 
correlation  between  ML  and  maximum  MM  intensities  for 
events  along  the  Hayward  fault.  If  we  further  assume  that 
the  reporting  of  earthquakes  of  ML^3.0  (or  MM  s  V)  from 
1910  to  1932  is  complete,  then  the  UCB  catalog  indicates 
that  the  occurrence  of  earthquakes  in  the  vicinity  of  the 
Hayward  fault  was  relatively  infrequent  prior  to  the  1930's 
(Figure  1).  Since  then,  ML^3.0  activity  appears  to  have 
increased  monotonically  with  the  exception  of  a  peak  in  the 
1950-1954  time  period.  However,  there  is  no  corresponding 
increase  in  the  level  of  M  a4  earthquakes  with  time,  perhaps 
indicative  of  an  improvement  in  the  reporting  of  ML  3.0-4.0 
earthquakes  with  time. 

Between  1910  and  1932  only  two  events  along  the 
Hayward  fault  were  probably  larger  than  ML  3.0.  The  largest 


earthquake  may  have  been  the  8  October  1915  Piedmont 
event,  where  a  maximum  reported  MM  intensity  of  VIII  was 
reported  (Bolt  and  Miller,  1975;  Toppozada  and  others, 
1978)  assigned  a  maximum  MM  intensity  of  VI  and  ML  4.5 
to  this  event.  It  must  be  noted,  however,  that  these  larger 
events  may  have  occurred  on  faults  adjacent  to  the  Hayward 
fault,  like  the  January  1977  ML  4.3  Briones  Hills  earthquake 
east  of  Berkeley  (Bolt  and  others,  1977).  From  1932  through 
1968  UCB  located  34  earthquakes  in  the  vicinity  of  the  fault 
that  were  ML&3.0  and  6  earthquakes  A/^4.0.  The  largest 
earthquakes  were  three  ML  4.5  events  that  occurred  on  16 
May  1933  reportedly  between  Hayward  and  Fremont,  on  8 
March  1937  near  Oakland,  and  on  17  December  1954  near 
San  Leandro  (Figure  1).  The  maximum  reported  intensities 
were  MM  V  in  Hayward  in  1933,  MM  VII  in  Berkeley  in 
1937,  and  MM  VI  in  Castro  Valley  in  1954. 

To  improve  the  historic  seismicity  record  along  the 
Hayward  fault,  the  arrival  times  of  the  182  earthquakes 
recorded  from  1932  through  1968  were  compiled  from  the 
original  UCB  logs  and  data  sheets  and  were  used  to  relocate 
the  events.  Relocations  were  determined  using  the  computer 
program  HYPOINVERSE  (Klein,  1989)  and  a  crustal  and 
upper-mantle  velocity  model  for  the  East  Bay  developed 
from  traveltime  data  recorded  by  the  U.S.  Geological 
Survey  (USGS).  Missing  phase  data  as  well  as  clock  and 
reading  errors  in  the  Hayward  data  set  greatly  hampered 
efforts  to  relocate  many  of  the  earthquakes  with  accuracies 
better  than  those  achieved  by  UCB  using  graphical  methods; 
consequently  we  report  here  the  results  of  relocations  of 
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Figure  1 .  Time  histogram  of  earthquakes  located  by  UCB  along  or  adjacent  to  the  Hayward  fault 
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Figure  2.  Relocated  epicenters  of  earthquakes  from  1932  through  1968  recorded  by  UCB.  Events  with  depths  fixed  at  5.0  km  are  designated  by  "X" 
Also  shown  are  the  approximate  locations  for  the  four  largest  earthquakes  along  the  Hayward  fault  in  the  UCB  catalog.  UCB  station  locations  are 
shown  in  Figure  3. 
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only  87  of  the  182  earthquakes  in  the  UCB  catalog.  Twenty- 
seven  of  these  earthquakes  had  at  least  five  arrivals  (Figure 
2);  the  remaining  60  events  had  only  four  reliable  arrival 
times  and  were  relocated  by  fixing  the  focal  depths  at  5.0 
km.  Many  of  these  latter  events  have  azimuthal  gaps  in 
station  distribution  that  exceed  180°  due  to  the  absence  of 
stations  to  the  east  and,  thus,  could  not  be  accurately 
located. 

Shown  in  Figure  2  are  39  relocated  earthquakes  with 
azimuthal  station  coverage  of  at  least  180°,  including  one 
event  of  ML  4.0  and  8  events  of  ML  3.0-3.9.  Unfortunately, 
we  were  unable  to  relocate  any  of  the  events  of  larger 
magnitude.  Figure  2  indicates  that  the  northern  portion  of 
the  Hayward  fault  was  more  active  than  the  southern  portion 
during  the  period  1932  to  1968.  It  is  possible,  however,  that 
the  subset  of  the  earthquake  catalog  shown  in  Figure  2  is  not 
a  representative  sample  of  the  seismicity  during  this  period. 
A  bias  could  arise,  for  example,  because  the  events  on  the 
northern  Hayward  fault  occur  closer  to  the  Berkeley  seismic 
station  and,  as  a  consequence,  this  section  of  the  fault  could 
have  a  lower  detection  threshold  than  the  southern  Hayward 
fault.  In  summary,  the  quality  of  the  earthquake  data 
recorded  by  the  UCB  before  1969  is  limited,  and  we  believe 
that  considerable  effort  beyond  routine  earthquake  reloca- 
tion will  be  required  in  order  to  make  unambiguous  interpre- 
tations of  the  earthquake  data  for  this  time  period.  Given  the 
earthquake  location  uncertainty  of  this  data,  we  believe  that 
it  is  likely  that  these  events  occurred  in  the  same  general 
locations  along  the  Hayward  fault  as  the  more  accurately 
located  earthquakes  recorded  by  the  USGS  since  1969, 
discussed  below. 

SEISMICITY  RECORDED  BY  THE  USGS 
1969-1991 

The  USGS  began  installation  of  a  telemetered  seismic 
network  consisting  of  short-period,  vertical  component 
seismometers  in  the  San  Francisco  Bay  region  in  1966.  The 
number  of  seismic  stations  in  the  region  increased  slowly 
until  the  network  configuration  stabilized  in  1982  (squares, 
Figure  3).  In  1991  additional  stations  were  installed  along 
the  Hayward  fault  to  improve  the  earthquake  detection 
capability  of  the  network  (triangles,  Figure  3),  but  most  of 
the  earthquakes  discussed  in  this  paper  occurred  prior  to 
their  installation.  The  earthquake  hypocentral  parameters 
were  calculated  by  the  program  HYPOINVERSE  (Klein, 
1989)  based  on  one-dimensional,  linear  gradient  velocity 
models  and  station  corrections  developed  through  inversion 
of  local  earthquake  and  explosion  travel-times  (Crosson, 
1976).  The  locations  discussed  in  this  paper  have  horizontal 
and  vertical  standard  errors  of  less  than  1 .5  and  2.5  km, 
respectively.  These  estimates  reflect  relative  earthquake 
location  uncertainties,  but  the  absolute  uncertainties  may  be 
larger  because  of  lateral  variations  in  velocity  across  the 
fault  that  are  not  incorporated  into  our  modeling. 


The  seismicity  that  has  occurred  since  1969  is  shown  in 
Figure  3.  As  shown  previously  by  Ellsworth  and  others 
(1982),  between  Point  Pinole  and  Fremont  (the  "northern" 
Hayward  fault),  seismicity  occurs  within  2  km  of  the  mapped 
Hayward  fault.  The  earthquakes  tend  to  occur  within 
clusters,  although  the  accuracy  of  the  locations  is  generally 
not  sufficient  to  recognize  finer  structure  within  the  clusters. 
The  Hayward  fault  continues  south  of  Fremont  (the  "south- 
ern" Hayward  fault),  but  the  surface  expression  of  the  fault 
splays  into  a  series  of  oblique-reverse  faults  south  of  Warm 
Springs  District  to  near  Alum  Rock,  and  then  to  a  relatively 
narrow  zone  of  Holocene  strike-slip  faults  as  far  south  as  Mt. 
Misery  (Bryant,  1982).  This  section  of  the  Hayward  fault  has 
been  aseismic  for  the  past  two  decades  except  for  a  13-km     * 
long  trend  of  M  =s  3  earthquakes  that  branches  northwest 
from  the  Calaveras  fault  near  the  epicentral  area  of  the  1984 
ML6.2  Morgan  Hill  earthquake.  Near  Fremont,  seismicity 
splays  southeast  from  the  Hayward  fault  parallel  to  the 
Mission  fault  and  intersects  the  Calaveras  fault  at  Calaveras 
Reservoir  (Wong  and  Hemphill-Haley,  1992;  Andrews  and 
others,  1992). 

The  cross-sectional  views  of  seismicity  along  the  northern 
Hayward  fault  indicate  that  the  earthquakes  locate  within  the 
depth  range  of  2-13  km,  and  that  the  fault  dips  steeply  (>77°) 
to  the  northeast  (Figure  4).  Our  simulation  of  the  systematic 
mislocation  bias  due  to  an  un-modeled  velocity  contrast 
across  the  fault  indicates  that  non-vertical  alignments  of 
hypocenters  on  the  order  of  those  observed  in  Figure  4  can 
easily  be  attributed  to  this  effect.  In  the  vicinity  of  San 
Leandro  (C-C),  the  width  of  the  earthquake  distribution  is 
greater  than  the  mislocation  accuracy,  which  implies  that  the 
seismicity  is  occurring  on  structures  adjacent  to  the  Hayward 
fault.  The  seismicity  occurring  on  the  southernmost  Hayward 
fault  (A-A'  and  E-E')  also  defines  a  near-vertical  plane,  but 
the  earthquakes  locate  at  depths  of  0-5  km. 

FOCAL  MECHANISMS 

Earthquake  focal  mechanisms  reveal  the  sense  of  slip  on 
the  causative  fault.  Hence,  we  would  expect,  on  the  basis  of 
the  creep  observations  at  the  surface  (Lienkaemper  and 
others,  1991)  and  the  observed  near-vertical  distribution  of 
earthquakes,  that  the  focal  mechanisms  should  primarily 
indicate  right-lateral  motion  on  vertical  planes  that  strike 
parallel  to  the  Hayward  fault.  We  compute  focal  mechanisms 
from  P-wave  first-motions  using  a  grid-search  method 
(Reasenberg  and  Oppenheimer,  1985).  Because  laterally 
refracted  rays  may  introduce  first-motion  errors  at  stations 
located  on  the  east  side  of  the  Hayward  fault,  the  first-motion 
observations  were  weighted  by  the  theoretical  radiation 
amplitude.  This  weighting  scheme,  discussed  by  Oppenhe- 
imer and  others  (1988),  down-weights  observations  near 
nodal  planes  where  laterally  refracted  rays  are  most  likely  to 
be  observed,  but  it  increases  the  solution  uncertainty. 
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Figure  3.  Seismicity  recorded  by  the  USGS  since  1969  having  an  rms  <  0.3  s,  a  horizontal  and  vertical  uncertainty  of  1.5  and  2.5  km, 
respectively,  and  at  least  8  P-wave  arrivals.  Symbol  size  is  not  proportional  to  magnitude  to  preserve  detail.  Although  no  magnitude 
criterion  are  imposed,  the  earthquakes  shown  generally  have  M  >  1 .5.  Dashed  regions  and  associated  endpoints  correspond  to  cross 
sections  shown  in  Figure  4.  UCB  seismic  stations  designated  by  octagons,  USGS  stations  prior  to  1991  by  solid  squares,  and  USGS 
stations  after  1991  by  triangles. 
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We  have  computed  219  focal  mechanisms  having  a 
minimum  of  30  first-motion  observations  for  earthquakes 
occurring  on  the  northern  Hayward  fault.  The  mean  90% 
confidence  range  of  the  focal  mechanisms  is  20°,  40°,  and 
40°  for  the  strike,  dip,  and  rake,  respectively.  Accordingly, 
any  interpretation  of  the  mechanisms  shown  in  Figure  5 
should  be  tempered  by  these  large  uncertainties.  The 
mechanisms  of  most  earthquakes  within  the  earthquake 
"cluster"  near  San  Leandro  indicate  right-lateral  slip  on  a 
plane  dipping  to  the  northeast,  but  a  closer  examination 
shows  that  most  of  the  first-motion  data  for  these  earth- 
quakes can  also  be  fit  with  the  well-determined  right-lateral, 
oblique  reverse  mechanism  of  the  27  March  1 984  M,  4.5 
earthquake  (Figure  5).  If  this  focal  mechanism  is  representa- 
tive of  most  mechanisms  of  earthquakes  near  San  Leandro, 
then  many  of  the  earthquakes  along  this  section  of  the 
Hayward  fault  may  be  occurring  on  faults  adjacent  to  the 
Hayward  fault.  This  interpretation  is  consistent  with  the 
wide  distribution  of  seismicity  observed  in  the  C-C  cross- 
section  of  Figure  4.  Mechanisms  on  the  southernmost 
Hayward  fault  exhibit  right-lateral  slip  on  vertical  planes 
striking  parallel  to  the  distribution  of  shallow  seismicity. 

The  focal  mechanisms  of  earthquakes  occurring  elsewhere 
on  the  northern  Hayward  fault  are  more  difficult  to  interpret, 
given  their  uncertainties.  Rather  than  reviewing  specific 
mechanisms  in  detail,  we  tested  whether  the  entire  set  could 
be  explained  by  mechanisms  constrained  to  have  right- 
lateral  slip  on  a  vertical  plane  oriented  parallel  to  the 
Hayward  fault  (i.e.,  326°,  90°,  180°).  If  the  constrained 
solution  is  within  the  90%  confidence  range  of  the  uncon- 
strained solution,  then  the  first-motion  data  can  be  satisfac- 
torily fit  by  the  constrained  mechanism.  We  found  that  focal 
mechanisms  of  69%  of  the  earthquakes  are  statistically 
modeled  by  a  vertical  fault  striking  parallel  to  the  Hayward 
fault  with  right-lateral  slip.  In  contrast,  only  39%  of  the 
earthquakes  can  be  explained  by  a  mechanism  similar  to  the 
27  March  1984  ML4.5  earthquake  (307°,  48°,  121°)  dis- 
cussed previously.  While  the  likelihood  of  other  fault  plane 
orientations  could  be  assessed,  these  results  demonstrate 
that  a  significant  portion  of  these  earthquakes  are  likely  to 
be  occurring  on  the  Hayward  fault.  However,  off-fault 
activity  is  also  indicated  by  oblique  focal  mechanisms  and 
diffuse  hypocentral  distributions,  particularly  in  the  vicinity 
of  San  Leandro. 

DISCUSSION 

Studies  of  pre-  and  post-main  shock  seismicity  along  the 
southern  Calaveras  fault  (Hartzell  and  Heaton,  1986; 
Oppenheimer  and  others,  1990)  and  along  the  San  Andreas 
fault  segment  that  ruptured  during  the  1989  Loma  Prieta 
earthquake  (Olson,  1990;  Oppenheimer,  1990)  indicate  that 
sections  of  the  fault  which  are  locked  and  which  rupture 
during  main  shocks  exhibit  little  "on-fault"  earthquake 
activity  (i.e.,  seismicity  which  locates  on  the  main  shock 
rupture  plane  and  whose  focal  mechanisms  are  similar  to  the 


main  shock  mechanism).  Conversely,  Bakun  and  others 
(1986)  showed  that  those  regions  of  the  southern  Calaveras 
fault  which  do  exhibit  on-fault  seismicity  slip  primarily 
through  steady-state  creep.  Since  creep  is  clearly  manifest  at 
the  surface  (Lienkaemper  and  others,  1991)  and  there  are 
indications  of  on-fault  seismicity,  we  would  expect  the  slip 
characteristics  of  the  Hayward  fault  to  be  quite  similar  to 
those  of  the  southern  Calaveras  fault.  That  is,  regions  of  the 
fault  exhibiting  on-fault  seismicity  may  slip  primarily 
through  aseismic  creep  processes,  whereas  the  regions  of 
the  fault  that  slip  infrequently  during  main  shocks  like  the 
1836  and  1868  earthquakes  may  be  outlined  by  the  loca- 
tions of  on-fault  seismicity  (A-A\  Figure  4)  and  by  the 
maximum  depth  of  background  seismicity  (Sibson,  1984). 
Unfortunately,  the  quality  of  the  earthquake  locations  and 
focal  mechanisms  are  not  adequate  to  discriminate  on-fault 
from  off-fault  seismicity.  Hence,  we  cannot  determine 
whether  the  patches  of  seismicity  represent  creeping 
sections  of  the  fault. 

Based  on  minor  deviations  from  a  straight  line  (salients) 
in  the  surface  expression  of  the  Hayward  fault  and  historical 
accounts  of  the  1836  and  1868  earthquakes,  Lienkaemper 
and  others  (1991)  speculate  that  the  northern  termination  of 
the  1868  earthquake  occurred  near  the  Oakland  or  San 
Leandro  salients  (Figure  3  and  4),  and  that  the  1836 
earthquake  abutted  the  1868  rupture  zone.  We  suggest  that 
the  off-fault  seismicity  occurring  near  San  Leandro  may 
reflect  stress  concentrations  that  arise  at  rupture  endpoints 
or  from  changes  in  fault  geometry  (King,  1986)  and  the 
segment  boundary  between  the  1836  and  1868  earthquakes 
to  occur  near  San  Leandro. 

Proceeding  with  the  assumption  that  a  fault  segment 
boundary  occurs  near  San  Leandro  and  that  the  1836  and 
1868  earthquakes  occurred  on  the  Hayward  fault,  we 
examined  the  seismicity  and  fault  geometry  to  speculate  on 
the  location  of  the  respective  rupture  zones.  The  rupture 
length  of  a  M  7  earthquake  for  a  northern  Hayward  fault 
segment  has  been  estimated  by  the  WGCEP  (1990)  to  be 
about  50  km,  which  would  place  the  northern  termination  of 
the  1836  rupture  beneath  San  Pablo  Bay  where  the  fault 
steps  or  bends  about  5  km  northeast  to  the  Rodgers  Creek 
fault.  There  are  isolated  patches  of  seismicity  below  4  km 
depth  along  this  segment  of  the  Hayward  fault  that  are 
perhaps  indicative  of  creeping  patches  (Figure  4),  but  most 
of  the  fault  is  aseismic  and,  as  a  consequence,  appears  to  be 
locked.  The  lack  of  seismicity  makes  it  difficult  to  recog- 
nize the  depth  where  shallow  creep  ceases  and  the  fault  is 
locked,  though  the  minimum  depth  of  seismicity  is  approxi- 
mately 2-3  km  over  most  of  the  Hayward  fault. 

The  WGCEP  (1990)  has  assigned  a  rupture  length  of  32 
km  for  a  M  7  earthquake  on  the  southern  Hayward  segment, 
which  is  somewhat  less  than  the  more  typical  value  of  50 
km  estimated  for  other  Ml  segments  in  California.  This 
length  is  based  in  part  on  published  accounts  of  the  1868 
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Figure  5.  Representative  sample  of  219  focal  mechanisms  (lower  hemisphere,  equal-area  projections)  of  earthquakes  along  the  Hayward  fault. 
Compressional  quadrants  are  shaded  solid.  Mechanisms  were  preferentially  selected  on  the  number  of  first-motion  readings  (>  30).  First  motion 
polarities,  origin  time  (UTC),  coda  magnitude  (M),  and  depth  (Z)  in  km  are  shown.  First  motion  symbol  size  is  independent  of  reading  quality. 
Circles  and  plus  symbols  represent  dilatational  and  compressional  P  first  motions,  respectively.  T-axis  is  depicted  inside  compressional  quadrant. 
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earthquake  which  documented  surface  cracking  from  San 
Leandro  as  far  south  as  Agua  Caliente  creek  (Lawson, 
1908).  It  is  noteworthy  that  the  cracking  was  observed  about 
15  km  south  of  where  the  seismicity  parallel  to  the  Mission 
fault  intersects  the  Hayward  fault.  The  shallow,  on-fault 
seismicity  observed  on  the  southernmost  Hayward  fault 
suggests  that  the  1868  earthquake  may  have  ruptured  the 
Hayward  fault  from  San  Leandro,  past  Agua  Caliente  creek, 
to  the  intersection  of  the  Hayward  and  Calaveras  faults.  This 
rupture  length  would  be  about  43  km,  more  typical  of  M  7 
earthquakes.  The  absence  of  seismicity  between  the  juncture 
of  the  Hayward  and  Mission  faults  and  the  seismicity  at  the 
southernmost  end  of  the  Hayward  fault  (Figure  3)  is 
consistent  with  a  locked  fault  segment,  and  evidence  of 
Holocene  strike-slip  activity  on  the  southernmost  Hayward 
fault  is  documented  by  Bryant  (1982).  While  direct  evidence 
of  recent  faulting  along  the  southern  Hayward  fault  south  of 
Agua  Caliente  creek  is  difficult  to  detect  due  to  landslides, 
cultural  modification,  and  rapid  erosion,  its  absence  does 
not  preclude  the  possibility  of  subsurface  rupture. 

The  seismicity  observed  in  the  vicinity  of  the  Mission 
fault  since  1969  and  the  lack  of  observed  seismicity  south  of 
its  juncture  with  the  Hayward  fault  suggests  an  additional 
scenario  in  which  the  1868  earthquake  did  not  have  any 
significant  rupture  south  of  the  juncture.  This  juncture  is 
only  20  km  south  of  San  Leandro,  which  is  probably  too 
short  to  sustain  a  M  7  earthquake.  If  the  southernmost 
Hayward  fault  did  not  participate  in  the  1868  earthquake, 
then  the  main  shock  rupture  may  have  propagated  onto  the 
Mission  fault,  or  a  fault  that  is  now  aseismic,  for  a  total, 
rupture  length  of  about  38  km.  Lawson  (1908)  reports  that 
the  1868  earthquake  produced  cracks  on  the  side  of  Mission 
Peak,  but  Wong  and  Hemphill-Haley  (1992)  find  little 
geologic  evidence  of  Holocene  faulting  along  the  Mission 
fault  and  believe  that  this  cracking  was  likely  due  to 
landsliding. 

Geodetic  observations  throughout  the  region  are  more 
consistent  with  the  former  hypothesis  that  the  southern 
Hayward  fault  slipped  during  the  1868  earthquake.  The  slip 
rate  observed  across  the  southern  Calaveras  fault  near 
Hollister  is  about  17  mm/yr  (Savage  and  others,  1979).  A 
few  km  north  of  the  intersection  of  the  southernmost 
Hayward  and  Calaveras  faults,  measurements  across  the  3- 
km  wide  Grant  Ranch  array  indicate  that  the  slip  rate  of  the 
Calaveras  fault  decreases  to  9  mm/yr  (Prescott  and  others, 
1984),  and  southeast  of  the  Calaveras  Reservoir  the  slip  rate 


decreases  further  to  6  mm/yr  across  a  7-km  aperture  array. 
Thus,  the  geodetic  data  indicate  that  a  significant  decrease 
in  strain  across  the  Calaveras  fault  takes  place  north  of  its 
intersection  with  the  southernmost  Hayward  fault,  and  we 
speculate  that  slip  is  transferred  to  the  Hayward  fault  at  this 
intersection  rather  than  via  the  Mission  fault.  Consequently, 
we  suggest  that  the  Mission  fault  is  a  minor  cross-fault 
within  a  complex  stepover  region  and,  because  of  its  10-km 
length,  could  not  generate  an  earthquake  much  larger  than 
M5  1/2. 

CONCLUSIONS 

Locations  of  earthquakes  on  the  Hayward  fault  indicate 
that  the  fault  is  near  vertical  and  that  the  width  of  the 
seismogenic  zone  is  less  than  13  km.  Most  of  the  seismicity 
appears  to  occur  directly  on  the  Hayward  fault,  but  focal 
mechanisms  indicate  that  secondary  reverse  or  oblique-slip 
faults  exist  adjacent  to  the  fault,  particularly  near  San 
Leandro.  Large  portions  of  the  Hayward  fault  are  presently 
aseismic  and  these  will  likely  be  involved  in  impending 
main  shock  ruptures.  However,  forecasting  the  extent  of 
future  ruptures  on  this  fault  from  the  microseismicity  is  not 
yet  possible,  but  the  installation  of  new  seismic  instrumenta- 
tion along  the  Hayward  fault  should  improve  interpretations 
of  the  earthquake  data. 

One  of  the  most  important  problems  yet  to  be  addressed  is 
what  sections  of  the  fault  were  ruptured  by  the  1868 
earthquake.  We  believe  that  the  available  data  is  most 
consistent  with  rupture  from  San  Leandro  to  the  intersection 
of  the  southernmost  Hayward  and  Calaveras  faults,  even 
though  evidence  of  surface  rupture  on  the  Hayward  fault 
south  of  its  juncture  with  the  Mission  fault  is  difficult  to 
detect.  As  a  consequence,  we  believe  that  the  seismicity 
associated  with  the  mapped  Mission  fault  does  not  represent 
a  significant  seismic  hazard.  However,  detailed  geodetic 
observations  are  necessary  to  resolve  whether  the  Mission 
or  southern  Hayward  faults  are  likely  to  rupture  in  future 
earthquakes. 
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Hayward  Fault:  Large  Earthquakes  Versus  Surface  Creep 

by 
James  J.  Lienkaemper1  and  Glenn  Borchardt2 


ABSTRACT 

The  Hayward  fault,  thought  a  likely  source  of  large  earthquakes  in  the  next  few  decades,  has  generated 
two  large  historic  earthquakes  (about  magnitude  7),  one  in  1836  and  another  in  1868.  We  know  little  about 
the  1836  event,  but  the  1868  event  had  a  surface  rupture  extending  41  km  along  the  southern  Hayward 
fault.  Right-lateral  surface  slip  occurred  in  1868,  but  was  not  well  measured.  Witness  accounts  suggest 
coseismic  right  slip  and  afterslip  of  under  a  meter.  We  measured  the  spatial  variation  of  the  historic  creep 
rate  along  the  Hayward  fault,  deriving  rates  mainly  from  surveys  of  offset  cultural  features  (curbs,  fences, 
and  buildings).  Creep  occurs  along  at  least  69  km  of  the  fault's  82-km  length  (13  km  is  underwater).  Creep 
rate  seems  nearly  constant  over  many  decades  with  short-term  variations.  The  creep  rate  mostly  ranges 
from  3.5  to  6.5  mm/yr,  varying  systematically  along  strike.  The  fastest  creep  is  along  a  4-km  section  near  the 
south  end.  Here  creep  has  been  about  9  mm/yr  since  1 921 ,  and  possibly  since  the  1 868  event  as  indicated 
by  an  offset  railroad  track  rebuilt  in  1869.  This  9  mm/yr  slip  rate  may  approach  the  long-term  or  deep  slip 
rate  related  to  the  strain  buildup  that  produces  large  earthquakes,  a  hypothesis  supported  by  geologic 
studies  (Lienkaemper  and  Borchardt,  1992).  If  so,  the  potential  for  slip  in  large  earthquakes  which  originate 
below  the  surficial  creeping  zone,  may  now  be  1 .1  m  along  the  southern  (1 868)  segment  and  ;>1 .4  m  along 
the  northern  (1836?)  segment.  Subtracting  surface  creep  rates  from  a  long-term  slip  rate  of  9  mm/yr  gives 
present  potential  for  surface  slip  in  large  earthquakes  of  up  to  0.8  m.  Our  earthquake  potential  model  which 
accounts  for  historic  creep  rate,  microseismicity  distribution,  and  geodetic  data,  suggests  that  enough  strain 
may  now  be  available  for  large  magnitude  earthquakes  (magnitude  6.8  in  the  northern  (1836?)  segment,  6.7 
in  the  southern  (1868)  segment,  and  7.0  for  both).  Thus  despite  surficial  creep,  the  fault  may  be  ready  for 
the  recurrence  of  large  earthquakes  today.  However,  the  timing  (Williams,  1992)  and  size  of  future  events 
may  vary  greatly  due  to  uncertainties  in  the  tectonophysical  model  assumed  for  the  Hayward  fault  within  the 
greater  San  Andreas  fault  system  (Lisowski  and  Savage,  1992). 


INTRODUCTION 

The  Hayward  fault  is  judged  the  likeliest  fault  to  cause  a 
major  earthquake  in  the  San  Francisco  Bay  region  in  the 
next  thirty  years  WGCEP  (1990)  (see  Figures  1  and  2  for 
location).  The  fault  slips  along  its  surface  trace  in  at  least 
two  modes,  by  earthquake  slip  and  by  interseismic  creep. 
Earthquake  slip,  associated  with  large  earthquakes  such  as 
the  last  major  earthquake  in  1868,  occurs  both  as  coseismic 
slip  in  seconds  and  by  afterslip  lasting  months.  Creep  occurs 
as  aseismic  slip,  that  is  nearly  constant  over  several  decades 
between  major  earthquakes,  and  excludes  afterslip  (Lien- 
kaemper and  Prescott,  1989).  Creep  occurs  slowly,  either 
steadily  over  weeks  and  years  or  in  episodes  lasting  minutes 
to  days,  and  usually  is  not  associated  closely  with  earth- 
quakes (Schulz  and  others,  1982).  This  paper  summarizes 


the  relationship  between  creep  and  slip  in  large  earthquakes 
on  the  Hayward  fault,  and  is  shortened  from  a  more  detailed 
paper  (Lienkaemper  and  others,  1991).  Features  offset  by 
the  fault  are  located  in  reference  to  a  kilometer  grid  with 
km  0  where  the  fault  crosses  the  bay  shoreline  near  Point 
Pinole  (see  Lienkaemper,  1992,  for  locations). 

Each  position  on  the  fault,  from  the  surface  to  the  base  of 
the  seismogenic  zone  at  the  10-12  km  depth,  has  a  slip 
budget  that  remains  nearly  balanced  over  centuries.  Slip  at 
each  position  ultimately  reaches  about  the  same  total,  but 
the  proportion  of  seismic  to  aseismic  slip  varies  spatially, 
and  thus  only  after  large  earthquakes  is  the  budget  near 
balance.  We  use  the  term  long-term  as  the  average  rate  for 
millenia,  thus  it  includes  both  earthquake  slip  and  and 
interseismic  creep.  The  difference  between  the  creep  rate 
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Figure  2.  Hayward  fault,  Holocene  trace  and  salients.  Salients  defined  as  excursions  of  surface  trace  from  straight  line 
trending  N35°W,  the  regionally  averaged  location  of  trace,  shown  by  thin  line  (e.g.,  largest  salient  near  San  Leandro  and 
Lake  Chabot  verges  southwestward  about  0.7  km  from  line).  CALAV.  RES.,  Calaveras  Reservoir. 


and  the  long-term  slip  rate  is  the  accumulation  rate  of 
potential  earthquake  slip.  Where  the  fault  is  fully  locked 
(does  not  creep  at  all)  a  potential  for  earthquake  slip 
accumulates  at  the  full  long-term  rate. 


An  objective  of  this  paper  is  to  estimate  the  current  slip 
budget  everywhere  on  the  fault,  including  and  especially  at 
the  depths  of  larger  earthquakes.  Summing  potential 
earthquake  slip  over  the  entire  fault  plane  yields  the 
accumulated  seismic  moment  available  for  release  in  the 
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next  large  earthquake.  Lienkaemper  and  others  (1991) 
discusses  in  much  more  detail  constraints  on  potential 
earthquake  slip  imposed  by  interseismic  creep  rates, 
microseismicity,  and  geodetic  data. 

MAJOR  HISTORIC  EARTHQUAKES  ON 
THE  HAYWARD  FAULT. 

Of  the  two  historic,  major  earthquakes  associated  with  the 
Hay  ward  fault,  the  1836  earthquake  is  much  more  poorly 
documented.  Damage  intensity  data  for  the  1836  earthquake 
is  probably  best  explained  as  having  as  its  source  a  rupture 
along  the  Hayward  fault.  However,  only  a  10  November 
1868  Oakland  Daily  News  item,  excerpted  below,  directly 
suggests  that  the  Hayward  fault  generated  the  1836  earth- 
quake: 

....in  June,  1836,  there  was  an  earthquake  in  what  is  now  the 
Oakland  Valley,  the  effects  of  which  were  felt  along  the 
foothills  from  San  Pablo  to  Mission  San  Jose  (now  in 
Fremont).  There  were  large  fissures  in  the  earth,  and  the 
shocks  must  have  been  much  heavier  than  those  we  have 
lately  experienced  (reference  to  the  major  1868  earth- 
quake just  20  days  before). ..the  phenomena  (of  20  days 
ago,  in  1868)  appear  to  have  been  a  repetition  of  those 
observed  in  1836,  and  noted  by  persons  then  residing  in 
the  valley.  (Louderback,  1947,  p.  43). 

The  only  extant  scientific  report  on  the  1868  earthquake 
rupture  was  prepared  about  40  years  after  the  event  from 
interviews  and  news  items.  This  report  documented  the 
extent  of  the  surface  rupture: 

....a  crack  opened  on  the  morning  of  October  21,  1868.  This 
crack  is  regarded  as  the  trace  of  the  fault  which  caused 
the  earthquake. ..(and  was  seen)  along  a  nearly  straight 
line  from  the  vicinity  of  Mills  College,  east  of  Oakland, 
to  the  vicinity  of  Warm  Springs  ...  evidence  of  its 
existence  northward  of  San  Leandro  is  not  very  satisfac- 
tory... southeastward,  however,  the  evidence  is  full  and 
conclusive. ..it  was  not  observed  farther  (southeastward) 
than  Aqua  (sic)  Caliente  Creek.  (Lawson,  1908,  p.  434). 

The  amount  of  1868  coseismic  slip  is  uncertain.  A  few 
clear  descriptions  of  right  slip  (including  afterslip)  in  the 
village  of  Haywards  (now  downtown  Hayward,  km  44) 
indicated  that  at  least  0.1-0.15  m  (5-6  inches)  occurred.  An 
equivocal  value  of  0.9  m  (3  feet)  is  often  cited;  but,  Lawson 
(1908)  refers  to  vertical  and  extensional  components  in  this 
discussion  with  no  mention  of  strike-slip. 

Previous  work  on  creep  rate. 

Scientific  study  of  creep  on  the  Hayward  fault  began  in 
the  1960s  (Cluff  and  Steinbrugge,  1966;  Blanchard  and 
Laverty,  1966;  Bonilla,  1966;  Radbruch  and  Lennert,  1966). 
Nason  (1971)  found  creep  rates  from  offset  cultural  features 
such  as  curbs  and  fences  generally  ranging  from  5  to  7  mm/ 
yr.  Prcscott  and  Lisowski  (1983)  presented  trilateration  data 
from  short-range  networks  that  measured  creep  rates  over  a 


decade  or  so  that  generally  confirmed  the  rates  found  by 
Nason  (1971).  Faster  creep  was  reported  in  southern 
Fremont:  1)  Harsh  and  Burford  (1982)  presented  alinement 
array  data  indicating  8-9  mm/yr  (1968-1982),  and  2) 
Burford  and  Sharp  (1982)  showed  precise  survey  data  of  an 
offset  curb  with  a  creep  rate  of  10  ±  1  mm/yr  (1967-1982). 
We  corroborated  this  fast  creep  at  the  south  end  of  the  fault 
and  believe  it  may  approximate  the  underlying  slip  rate  of 
the  entire  Hayward  fault  as  discussed  below. 


HISTORIC  CREEP  RATE 


Method 


The  results  of  our  creep  observation  and  analysis  are 
shown  in  Figure  3  and  Table  1.  To  emphasize  creep  rates 
that  reflect  averages  over  decades,  we  chose  10  years  as  the 
minimum  age  of  cultural  features  for  study.  Ideally,  we  seek 
the  average  creep  rate  during  the  120  years  since  the  1868 
afterslip  period.  The  median  age  of  the  measured  features  is 
only  30-40  years.  We  measured  the  oldest  and  straightest 
features  that  are  nearly  perpendicular  to  the  fault,  and  where 
the  fault  traces  form  a  narrow  zone.  In  Oakland  and  in  the 
Berkeley  Hills,  creep  evidence  is  sparse,  so  we  could  not  be 
as  selective  (Lienkaemper  and  Borchardt,  1988).  We  set  up 
a  theodolite  near  the  fault  alined  parallel  to  the  feature  and 
read  a  horizontal  scale  held  perpendicular  to  the  feature.  The 
accuracy  or  reproducibility  of  readings  depends  on  the 
roughness  of  the  feature,  but  is  generally  ±2  mm,  rarely 
exceeding  5  mm.  We  note  the  positions  of  driveways 
because  they  can  buttress  a  curb  so  as  to  inhibit  its  move- 
ment with  the  ground  beneath  it,  and  we  avoid  sections 
disturbed  by  tree  roots  or  other  non-tectonic  forces.  We 
measured  fence  posts  near  the  ground  to  minimize  mis- 
alignment from  tilt. 

We  reduce  the  offset  data  using  multiple  linear  regression 
which  assumes  that  the  features  were  built  straight.  Solving 
simultaneously  for  a  single  slope  on  parallel  segments  with 
one  or  more  fault  intercepts,  we  assign  a  variable  for  each 
strand  of  the  fault  to  compute  the  amount  of  slip  on  each. 
The  errors  include  the  uncertainty  in  the  age  of  the  feature 
as  well  as  uncertainty  in  measuring  the  offset  (Lienkaemper 
and  others,  1991).  We  calculate  creep  rates  based  on  the 
alinement  array  data  of  Harsh  and  Burford  (1982)  and 
Galehouse  (1992)  by  using  linear  regression  versus  time 
(Table  1). 

To  illustrate  our  method  further,  we  discuss  three  exam- 
ples of  cultural  features  offset  by  the  Hayward  fault  (Figure 
4).  For  discussion  and  plots  of  other  features  in  Table  1, 
refer  to  Lienkaemper  and  others  (1991).  The  curb  along 
Banks  Drive  (km  1.91)  shows  that  long  straight  curb 
segments  exist  well  beyond  the  35-m-wide  deformed  zone. 
Before  regressing  the  data  wc  deleted  the  12  readings  in  the 
deformation  zone  and  the  two  readings  that  clearly  reflect 
the  buttressing  effect  of  driveways.  The  difference  in  creep 
rate  between  the  curb  (5.6  ±  0.1  mm/yr;  1950-1988)  and  the 
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Figure  3.  Historic  creep  rate  along  the  Hayward  fault.  Data  in  black  mostly  from  offset  cultural  features,  see  Table  1 .  Gray  shaded  bars 
represent  near-fault  strain  rates  from  U.S.G.S.  geodolite  lines,  mid-1970s  to  1988.  Arrows  show  extent  of  1868  rupture  (MAX,  maximum 
extent;  MIN,  minimum.) 


nearby  alinement  array  (km  1.82)  (5.0  ±  0.3  mm/yr;  1968- 
1980)  is  not  significant  at  the  95%  confidence  level. 

For  the  Rose  Street  curb  (km  43.22)  we  show  the 
reproducibility  of  curb  measurements  by  comparison  to 
1967  data  presented  by  Nason  (1971).  Even  minor  undula- 
tions in  this  1930  curb  closely  match  in  both  the  1967  and 
1990  surveys  (Figure  4).  An  alinement  array  averaged  4.9  ± 
0.1  mm/yr  from  1980  to  1990  (J.S.  Gatehouse,  1990,   unpub- 
lished data).  Thus,  the  creep  rate  on  the  main  trace  is  nearly 
constant  over  decades,  but  includes  periods  of  several  years 
when  it  differs  significantly  from  the  average. 

The  1940  fence  at  the  north  edge  of  the  Union  Street 
warehouse  (km  63.10)  property  was  surveyed  by  Cluff  and 
Steinbrugge  (1966)  in  1965  by  using  a  method  similar  to 
ours.  A  subsidiary  trace  60  m  east  of  the  main  trace  now  has 
twice  the  offset  it  had  in  1965.  The  1940-1987  creep  rate  of 
8.9  ±  0.3  mm/yr  is  distinctly  higher  than  all  rates  observed 
along  the  fault  northwest  of  here.  The  wall  of  the  adjacent 
warehouse  had  a  similar  rate  (>8.5  ±  0.3)  over  a  longer 
period  (1921-1987),  but  the  wall  does  not  intercept  the 
subsidiary  trace  observed  on  the  fence  (Table  1). 

DISCUSSION 

Creep  rate,  fault  segmentation,  and  seismicity. 

Because  of  improved  methods  and  the  sizeable  amount  of 
creep  that  has  accumulated  on  many  offset  features,  we  now 
recognize  variations  in  creep  rate  along  the  fault  that  were 
not  apparent  to  earlier  workers  (Figure  3).  The  highest  rates 
occur  along  the  4-km-long  reach  in  southern  Fremont, 


ranging  from  8.2  to  9.5  mm/yr  and  averaging  9.2  ±  0.3  mm/ 
yr  for  the  two  best-determined  rates.  On  the  remainder  of 
the  fault,  the  creep  rate  ranges  from  3.5  to  6.6  mm/yr,  and 
averages  5.1  ±  0.9  mm/yr  (N=31).  The  rates  northwest  of 
central  Fremont  also  vary  along  strike,  with  regions  of  high 
rates  (&6  mm/yr)  in  northern  Hayward  and  El  Cerrito,  and  a 
region  of  low  rate  (3.5-4.0  mm/yr)  in  Oakland.  Because  this 
variation  appears  to  vary  systematically  along  strike,  we 
fitted  polynomials  through  the  data  (dashed  lines,  Figure  3) 
without  presuming  a  physical  model.  Further  measurements 
may  improve  the  data,  but  we  believe  that  the  overall  pattern 
of  variation  is  correct.  A  remaining  concern  is  the  interpreta- 
tion of  the  low  creep  rates  (3.5-4.0  mm/yr)  in  northern  and 
central  Oakland.  They  may  imply  either  that  unrecognized 
creeping  fault  strands  exist  or  that  in  a  future  earthquake  the 
surface  slip  will  be  larger  there.  The  latter  case  seems  more 
likely  judging  from  the  systematic  decline  in  creep  rate  from 
El  Cerrito  to  Oakland.  Furthermore,  surveys  across  a  wide 
aperature  at  Lincoln  Avenue  in  Oakland  (km  26)  show  that 
only  4  mm/yr  of  creep  occurs  over  all  the  known  traces. 

In  map  view  the  Hayward  fault  is  remarkably  straight, 
following  a  N35.0°W  average  trend  (Figure  2).  except  for 
three  conspicuous  deviations:  1)  a  700-m  southwest  verging 
salient  near  San  Leandro;  2)  a  500-m  northeast  verging 
salient  in  El  Cerrito;  and  3)  a  300-m  southwest  verging 
salient  in  Oakland.  A  salient  is  an  area  enclosed  between  the 
surface  trace  of  a  fault  and  a  hypothetical  straight  line  that 
represents  the  regionally  averaged  position  of  the  surface 
trace.  At  its  simplest,  a  salient  is  composed  of  two  bends, 
one  a  restraining  bend  and  the  other  a  releasing  bend. 
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Figure  4.  Accumulated  historic  creep  from  cultural  features  offset  by  Hayward  fault.  Right-lateral  creep  (squares,  circles,  crosses, 
triangles)  derived  from  measurements  of  offset  features  analyzed  by  using  multiple  linear  regression  by  assuming  feature  originally 
straight  (corrected  for  fault  strike).  Dashed  and  dotted  lines  represent  regression  model  fits  to  data. 


Although  these  salients  are  small  compared  to  those  on 
other  strike-slip  faults,  the  rupture  history  of  the  19th- 
century  earthquakes  suggests  that  they  may  be  mechanically 
important. 

The  southeastern  termination  of  the  Hayward  fault  proper 
is  cryptic.  Most  microearthquakes  in  the  Fremont  area 
underlie  the  surface  trace  of  the  Mission  fault  rather  than  the 
Hayward  fault  which  lies  3  km  further  southwest  (Figures  1 
and  2)  (Ellsworth  and  others,  1982).  The  geomorphic 
appearance  of  the  southeastern  extension  of  the  Hayward 
fault  changes  southeast  of  Fremont  where  it  becomes  less 
active,  more  complex,  and  its  traces  vary  in  style  between 
dominantly  dextral  and  dominantly  reverse  slip  (Bryant, 


1982).  The  southeastern  end  of  the  1868  rupture  was  near 
Warm  Springs  (km  68).  Judging  from  the  weak  geomorphic 
expression  of  the  fault  to  the  southeast,  we  surmise  that 
either  few  ruptures  propagate  beyond  this  point  or  that  slip 
is  distributed  over  a  wide  area. 

The  1868  surface  rupture  was  strongly  evident  southeast 
of  the  large  salient  at  San  Leandro,  but  it  was  weakly 
evident  to  the  northwest,  possibly  dying  out  in  the  Oakland 
salient  near  Mills  College  (km  29)  (Lawson,  1908).  The 
timing  of  failure  along  the  1868  rupture  segment  may  be 
governed  by  the  amount  of  strain  accumulated  at  depth 
along  the  San  Leandro  salient.  Northward  progression  of 
the  1868  rupture  may  have  been  stopped  by  the  minor 
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Figure  5.  Hayward  fault  slip  budget.  A)  Cartoon  of  creep  rate  (mm/yr)  along  the  fault  versus  depth  since  1836?  and  1868 
earthquakes.  Because  most  microearthquakes  occur  at  3-10  km  depths,  we  assume  large  locked  patches  exist  here  and 
that  fastest  surficial  creep  rate  (9  mm/yr)  equals  deep  slip  rate.  Late-Pleistocene  and  Holocene  slip  rates  in  Union  City 
support  this  assumption  (Lienkaemper  and  others,  1989;  Lienkaemper  and  Borchardt,  1992).  B)  Earthquake  slip  available 
in  1990  equals:  (9  mm/yr  -  creep  rate)  x  (1990  -  {1836  or  1868}).  Curve  of  slip  at  surface  derived  using  historic  creep  rate 
curve  in  Figure  3.  Surface  slip  available  under  San  Pablo  Bay  is  unconstrained  by  data  within  limits  shown. 


Oakland  salient,  perhaps  by  its  strength,  its  structural 
complexity,  or  its  low  strain  (if  strain  was  relieved  by  the 
1836  event). 

Slip  Budget 

We  present  a  simple  model  of  fault  slip  including  both 
historic  creep  rate  and  accumulated  potential  for  slip 
associated  with  large  earthquakes  (Figure  5).  We  assume 
that  the  rapid  creep  (~9  mm/yr)  in  southern  Fremont 
approximates  the  long-term  loading  rate  or  deep  slip  rate  of 
the  fault.  This  9  mm/yr  creep  rate  has  been  sustained  at  least 
since  the  1920s  and  perhaps  since  1869  (Lienkaemper  and 
others,  1991).  The  9  mm/yr  rate  is  probably  a  minimum 
estimate  because  this  area  definitely  showed  surface  slip  in 
1868  (A.A.  Bullock,  unpublished  map,  1906-1908,  kept  at 
the  Seismographic  Station,  University  of  California, 
Berkeley). 

This  assumption  of  ~9  mm/yr  as  the  deep  slip  rate  needs 
corroboration  by  long-term  or  geologic  slip  rates  on  both 
major  segments  of  the  fault.  Preliminary  data  on  late- 


Quaternary  and  Holocene  slip  from  offset  alluvial  fan 
channels  at  the  Masonic  Home  site  in  Union  City  (Figure  1, 
location  1)  indicate  average  rates  between  7.5-10  mm/yr 
during  the  last  5-14  ky  (Lienkaemper  and  others,  1989; 
Lienkaemper  and  Borchardt,  1992).  The  best-determined 
rate  averages  8.0  ±  0.6  mm/yr  over  8260  ±  90  yr.  Because 
geologically  determined  rates  usually  are  minima  1  (for 
example  see  Borchardt  and  others,  1992),  we  conclude  that 
the  ~9  mm/yr  creep  rate  of  southern  Fremont  is  our  best 
estimate  of  deep  or  long-term  slip  rate  for  the  Hayward  fault 
in  general. 

For  simplicity,  we  assume  that  nearly  all  of  the  fault  is 
locked  in  the  3-10  km  depth  range  of  microearthquake 
activity.  An  alternative  hypothesis  that  allows  5  mm/yr  creep 
rates  over  the  entire  fault  at  depth  also  satisfies  regional 
geodetic  data  (Lienkaemper  and  others,  1991),  but  fails  to 
explain  the  slow  creep  (5  mm/yr)  near  Masonic  Home 
versus  the  high  long-term  slip  rate  (>8  mm/yr)  determined 
from  trenching  studies.  A  realistic  model  is  neither  purely 
locked  nor  purely  creeping  but  rather  a  complex  patchwork 
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of  both  locked  and  creeping  zones.  Neither  can  we  expect 
earthquake  slip  to  be  confined  strictly  between  3  and  10  km. 
Dynamic  strain  release  might  well  extend  above  3  km  and 
below  10  km  during  major  earthquakes  (Relocations  by 
Oppenheimer  and  others,  this  volume)  show  events  as  deep 
as  14  km  on  the  fault.)  Thus  estimates  of  the  seismic 
moment  accumulated  since  1836  and  1868  based  on  our 
model  may  be  either  too  high  or  too  low. 

Nevertheless,  by  using  these  assumptions  we  plot  the 
present  potential  for  large  earthquake  slip  (Figure  5A).  For 
the  upper  3  km,  represented  by  the  creeping  zone,  the 
potential  for  earthquake  slip  is  the  product  of  the  time  since 
the  last  earthquake  (i.e.  1990-1836?  2  154  yr;  1990-1868  = 
122  yr)  and  the  long-term  rate  minus  the  creep  rate.  Essen- 
tially, this  is  an  estimate  of  the  maximum  surface  displace- 
ment that  could  occur  in  major  earthquakes.  Thus,  if  a  major 
earthquake  were  to  occur  today  on  the  northern  segment,  the 
surface  slip  might  be  greatest  in  central  Oakland,  where  up 
to  0.8  m  is  expected  ((9  mm/yr  -  4  mm/yr)  x  154  yr ).  The 
locked  zones  at  depth  are  presumed  to  accumulate  strain  at  9 
mm/yr.  Thus  the  northern  zone  could  slip  1 .4  m  and  the 
southern  zone  could  slip  1.1  m  if  a  large  earthquake  were  to 
occur  this  year. 

Recurrence  interval  and  potential  for 
large  earthquakes 

Our  new  data  on  historic  creep  and  model  of  strain 
accumulation  have  important  implications  for  forecasting 
large  earthquakes  on  the  Hayward  fault.  Earthquakes  are 
believed  to  result  from  a  process  described  as  elastic 
rebound,  the  steady  accumulation  of  elastic  strain  in  the 
earth's  crust  that  ultimately  is  relieved  by  failure  along  a 
fault  (Reid,  1910).  On  some  fault  segments  earthquakes  of  a 
characteristic  size  seem  to  recur  in  time-predictable  cycles, 
such  as  at  Parkfield  (Bakun  and  Lindh,  1985).  Although  the 
concept  of  regular  strain  accumulation  and  cyclic  rebound  in 
large  earthquakes  is  grossly  correct,  it  must  be  recognized 
that  much  natural  variation  is  possible  for  earthquake  cycles 
(Thatcher,  1990).  Thus,  lacking  direct  knowledge  of  specific 
large  earthquakes  on  the  Hayward  fault  before  1836,  we  do 
not  know  if  future  large  earthquakes  will  be  like  those  in  the 
19th  century.  Still  mindful  of  this  caveat,  we  estimate 
recurrence  interval  by  using  the  9  mm/yr  strain  accumula- 
tion rate  discussed  above.  Furthermore,  we  must  assume  a 
value  of  coseismic  slip  that  might  be  expected  from  ruptures 
like  those  in  1868  and  1836.  The  WGCEP  (1990)  used  the 
equation  D  (±50%)  =  2.8  x  10"5  x  L  to  estimate  coseismic 
slip  (D)  from  the  length  of  rupture  (L).  For  the  41 -km  long 
southern  segment  which  ruptured  in  association  with  the 
1868  earthquake  we  calculate  1.2  ±  0.6  m  coseismic  slip. 
Dividing  by  9  mm/yr  gives  130  ±  60  yr  for  recurrence 
interval  (RI)  on  the  southern  segment.  The  length  of  the 
northern  segment  is  less  certain  because  the  extent  of  the 
1836  rupture  is  unknown.  For  a  northern  rupture  stopping  at 
the  Oakland  salient,  the  length  is  also  41  km  and  also  yields 
a  130  ±  60  yr  RI.  Perhaps  a  more  realistic  scenario  for  the 


northern  rupture  might  be  a  50-km  rupture  to  the  San 
Leandro  salient,  which  gives  1.4  ±  0.7  m  coseismic  slip  and 
a  160  ±  80  yr  RI.  Although  there  is  no  historical  example  on 
the  Hayward  fault,  another  possibile  scenario  is  rupture 
along  its  entire  82-km  length.  By  using  the  formula  above, 
we  calculate  coseismic  slip  of  2.3  ±1.1  mat  intervals  of  260 
±  130  yr.  Although  the  uncertainties  in  the  model  are  large, 
the  above  test  suggests  that  the  fault  may  be  nearing  the 
final  stage  in  its  earthquake  cycle. 

For  another  test  of  the  fault's  stage  in  the  earthquake 
cycle,  we  sum  the  seismic  moment  of  the  fault  patches  in 
our  model  (Figure  5)  to  compare  this  sum  to  the  moment 
release  in  the  historic  large  earthquakes.  Assuming  41 -km- 
long  buried  patches  for  both  the  northern  (1836?)  and 
southern  (1868)  segments  yields  seismic  moments  of  1.4  x 
109and  1.1  x  1019  N  m,  respectively,  and  2.5  x  1019Nmfor 
the  entire  82-km  length  (rigidity  assumed  to  be  3  x  1010  N/ 
m2\  These  moments  convert  to  magnitudes  of  ML  6.8  for 
the  northern  segment,  ML  6.7  for  the  southern  segment,  and 
ML  7.0  for  rupture  of  both,  by  using  the  moment-ML 
relation  of  Thatcher  and  Hanks  (1973).  Toppozada  and 
others  (1981)  estimated  M  6.8  for  both  the  1836  and  1868 
earthquakes.  Thus  a  moment  sum  based  on  our  model  also 
implies  that  the  fault  could  be  near  failure  on  both  segments. 

The  earthquake  potential  of  the  Hayward  fault  is  subject  to 
much  uncertainty.  Except  for  having  produced  a  major 
earthquake  in  1868,  the  most  compelling  evidence  that  any 
strain  accumulates  along  the  fault  is  the  large  difference 
between  the  low  historic  surface  creep  rates  along  most  of 
the  fault  (ranging  3.5-6.5  mm/yr;  averaging  5.1  ±  0.9  mm/ 
yr)  versus  a  high  long-term  or  deep  slip  rate  of  8-10  mm/yr 
as  measured  historically  at  the  south  end  of  the  fault  and 
geologically  in  Union  City.  Although  not  intuitively 
obvious,  surface  creep  does  occur  above  areas  of  a  fault  that 
are  completely  locked  at  depth.  Such  behavior  best  explains 
our  observations  on  the  Hayward  fault  and  is  well-docu- 
mented for  other  large  (M26)  earthquakes  such  as  the  1966 
Parkfield  event  (Segall  and  Harris,  1987;  Lienkaemper  and 
Prescott,  1989)  and  1984  Morgan  Hill  event  (Bakun  and 
others,  1986).  Only  the  existence  of  large  locked  zones  at 
depth  can  reasonably  explain  the  major  difference  between 
the  surface  creep  rate  and  and  the  much  larger  geologic  slip 
rates.  Unfortunately,  other  evidence  for  the  existence  of 
locked  patches  that  accumulate  strain  is  only  supportive,  but 
not  conclusive.  By  using  existing  regional  geodetic  data  and 
analytical  methods,  we  cannot  distinguish  between  a  locked 
zone  that  overlies  a  deep  fault  slipping  at  9  mm/yr,  and  a 
fault  that  just  creeps  at  5  mm/yr  throughout.  Microseismici- 
ty  data  for  the  Hayward  fault  qualitatively  suggest  that 
locked  patches  or  seismic  gaps  exist,  particularly  in  the 
northern  segment,  but  by  themselves  are  not  compelling 
evidence  of  strain  accumulation.  Nevertheless,  the  retarda- 
tion in  surface  slip  by  as  much  as  a  factor  of  two  compels  us 
to  conclude  that  large  locked  patches  do  exist  at  depth,  and 
that  they  are  nearing  the  end  of  their  assumed  failure  cycles. 
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Pedochronology  Along  the  Hayward  Fault 


by 
Glenn  Borchardt1 


ABSTRACT 

Pedochronology  uses  descriptions  and  laboratory  analyses  to  estimate  the  ages  of  soil  horizons  undisturbed  by 
fault  movement.  Like  others  within  the  San  Andreas  system,  the  Hayward  fault  zone  has  many  shears  and  traces 
overlain  by  soils  with  features  indicating  at  least  10,000  years  of  development.  Due  to  the  great  geological  variabil- 
ity along  the  fault,  the  active  trace  cuts  25  soil  series.  Detailed  pedochronological  studies  have  been  performed  at 
four  localities  along  the  fault:  A)  at  Point  Pinole  where  the  soils  range  from  1 .3  ka  in  the  tidal  marsh  to  1 22  ka  on 
a  probable  wave-cut  platform  B)  at  the  University  of  California  where  soils  developed  on  debris  flows  range  from 
4  ka  to  80  ka,  C)  at  the  Masonic  Home  in  Union  City  where  the  soils  developed  on  a  small  alluvial  fan  range  from 
0.6  ka  to  over  14  ka,  and  D)  at  Fremont  Civic  Center  where  soils  in  the  flood  deposits  on  the  Niles  alluvial  fan 
have  been  developing  and  accumulating  since  9  ka.  Great  variations  in  soil  characteristics  seem  to  reflect  the 
amount  and  type  of  fine  clay  in  the  parent  rocks  along  the  fault. 


INTRODUCTION 

The  presence  of  an  offset  Holocene  soil  is  usually  consid- 
ered primary  evidence  for  an  active  trace  which  should  be 
avoided  in  new  construction  for  human  occupancy.  There  is, 
however,  tremendous  variation  in  the  types  of  bedrock  and 
resulting  soils  that  develop  along  the  Hayward  fault.  Often 
the  only  way  to  distinguish  between  active  and  inactive 
shears  is  through  pedochronology.  Pedochronology  seeks  to 
determine  when  soil  formation  began,  how  long  it  occurred, 
and  when  it  stopped.  The  "age"  of  a  soil  usually  is  under- 
stood as  the  time  when  soil  development  began,  but  with 
buried  soils  two  ages  and  the  calculated  duration  are  impor- 
tant: 

t   =  date  when  soil  formation  or  aggradation  began,  ka2 

tb  =  date  when  soil  or  strata  was  buried,  ka 

td  =  duration  of  soil  development  or  aggradation,  ky 


Below  I  review  the  soil  series,  show  the  locations  of  exca- 
vations in  which  soils  are  offset,  and  describe  the  character- 
istics and  ages  of  soils  that  have  been  studied  in  great  detail 
along  the  Hayward  fault. 


SOIL  SERIES  OFFSET  BY  THE  FAULT 

Twenty-five  soil  series  (Welch,  1977,  1981;  Gardner, 
1958)  are  displaced  by  the  fault  (Table  1).  Thirteen  of  these 
soil  series  are  developed  on  Holocene  alluvium,  exist  on  0- 
9%  slopes,  and  are  especially  useful  for  soils  studies. 
Twelve  are  developed  in  older  alluvium  or  bedrock  on  9- 
75%  slopes.  Although  they  were  not  studied  for  this  report, 
some  of  these  soil  series  nevertheless  have  unique  character- 
istics that  may  be  useful  in  future  studies  of  displacement 
along  the  fault. 

Within  the  group  judged  amenable  to  radiocarbon  dating, 
four  soils-Reyes  silty  clay,  Yolo  silt  loam,  Marvin  silt  loam, 
and  Willows  clay-appear  to  have  youthful  and  unique  fea- 
tures (Table  1).  The  Reyes  and  Willows  soils  were  specially 
selected  for  detailed  studies  at  Point  Pinole  and  Fremont 
(Borchardt,  1988c;  Borchardt  and  others,  1988). 

REVIEW  OF  TRENCHING  IN  THE 
SPECIAL  STUDIES  ZONE 

The  Alquist-Priolo  Act  of  1972  required  the  State  Geolo- 
gist to  delineate  a  Special  Studies  Zone  along  all  active 
faults  within  California  (Hart.  1990).  Developers  who  wish 


'California  Department  of  Conservation,  Division  of  Mines  and  Geology,  185  Berry  Street,  Suite  3600,  San  Francisco,  CA  94107  and 

Soil  Tectonics,  P.O.  5335,  Berkeley,  CA  94705 
2Used  according  to  international  convention  explained  by  Coleman  and  others  (1987):  ka  =  thousands  of  calendar  years  before  present 
[dendro-corrected  per  Robinson  (1988)  or  coral-corrected  per  Bard  and  others  (1990)]; 
ky  =  thousands  of  calendar  years;  yr  B.P.  =  radiocarbon  years  before  1950. 
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Figure  1    Locations  of  geologic  reports  for  sites  within  the  Alquist-Priolo  Special  Studies  Zone  for  the  Hayward  fault  as  of  October  1 ,  1987 
(modified  from  Wong,  1984;  1988).  Numbers  refer  to  copies  of  consulting  reports  on  file  with  the  California  Division  of  Mines  and  Geology. 
Reports  examined  for  offset  soils  are  represented  by  filled  circles  and  those  in  which  evidence  for  offset  soil  was  found  are  represented  by  stars. 
Underlined  numbers  refer  to  corroborating  reports.  Locations  A,  B,  C,  and  D  are  sites  of  detailed  soil  studies. 
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Table  1.  Soil  series  mapped  along  the  Hayward  fault  in  order  of  usefulness  for  displacement  studies  (data  from  Welch,  1977, 1981; 
Gardner,  1958). 


SERIES 

% 

SOIL 

PARENT 

TYPE 

NAME 

SLOPE 

RANK  GROUP 

MATERIAL 

DESCRIPTION 

LOCATION 

Reyes  sic 

0-1 

1 

Moll. 

bay 

nud 

Bg,  tidal  flat 

SW  side  of  Pt.  Pinole 

Yolo  sil 

0-2 

2 

Moll. 

Qal(y) 

Ap/C,  20cm  thick 

San  Lorenzo  Ck.  at  Kimball  Sch. 

Marvin  sil 

0-2 

3 

Natric 

Qal(y),  ter. 

Ap/Bt/C,  saline-alkali 

Arroyo  Viejo  @  Golf  Links  Rd/I580 

Willows  c 

0-2 

4 

Qal 

y/k       (k  @75cm) 

Fremont  Civic  Center 

Botella  I 

0-2 

5 

Qal(y) 

Bt,  pH  7.0 

Fremont  Blvd/Mowry  Ave. 

Rincon  cl 

0-2 

6 

Qal(y),  ter. 

Bt/Bk 

SE  of  El  Rancho  Verde  Sch. 

Conejo  cl 

0-2 

7 

Qal 

B2,  pH  7.0 

San  Pablo  Ck.  NW  of  I80 

Pleasanton  gl 

0-5 

8 

Qal 

Bt 

Osgood  Road  nr  Middlefield  Res  (100  m  E) 

Danville  sicl 

0-9 

9 

Moll. 

Qal(y),  ter. 

Bt 

Sunset  Blvd.  nr  San  Lorenzo  Ck.  or  Ward  Ck. 

Sorrento  gl 

1-3 

10 

Qal,  fans 

k  at  75cm,  pH  7-7.8 

Penitencia  Ck.  (SE  of  Milpitas) 

Cropley  c,  cl 

1-3 

11 

Vert. 

Qal(y) 

Ap/ACk/Ck,  pH  6.5 

Scott  Ck.  at  Co.  line 

Clear  Lake  c 

0-9 

12 

Vert. 

Qal(y) 

k 

Hillcrest  Sch.  or  N.  of  San  Pablo  Ck. 

Tierra  I 

2-9 

13 

Qal(o) 

A/E/Bt 

High/Olive  in  Fremont  or  RR  SE  of  Giant 

Saratoga- Positas  I 

10-35 

14 

Qal(o) 

red-br.,  pH  5.6-6.5 

Kuhn  Ranch,  Villa  Vista  Rd.  E  of  Evergreen 

Azule  cl 

9-30 

15 

ss,  sh,  Qal 

Bt 

High/Olive,  Fremont 

Los  Osos  cl,  sicl 

9-50 

16 

ss,  sh 

Bt 

Knowland  Pk.  or  E  of  I80/San  Pablo  Dam  Rd. 

Vallecitos  cl 

20-35 

17 

rock:  meta.sed 

Bt 

Quimby  Ck.,  Quimby/Chaboya  Rd,  E.  San  Jose 

Gilroy  cl 

30-50 

18 

rock:  ba.ig. 

si.  acid,  Bt 

Wildcat  Ck.  800m  E  of  I80 

Millsholm  sil 

9-50 

19 

sh,  ss 

cambic  B 

Ward  Ck.  or  Rockridge 

Maymen  I 

30-75 

20 

ss,  sh 

B2,  shallow 

Tunnel  Rd.  or  UCB 

Gaviota  stony  I 

>50 

21 

rock 

A/R 

Penitencia  Ck.  (SE  of  Milpitas) 

Climax  c 

10-35 

22 

Vert. 

rock 

meta.ig. 

pH  6.6-7.5  in  A 

Penitencia  Ck.  (SE  of  Milpitas) 

Diablo  c 

9-35 

23 

Vert. 

ss,  sh 

A12k 

Mt.  Calvary  Cemetery  or  W.  CSUH 

Altamont  c 

15-50 

24 

Vert. 

ss,  sh 

A/ACk/Ck,  vert.,  sed. 

Hillcrest  Sch.  or  W.  CSUH 

Climara  c 

30-50 

25 

Vert. 

ub 

k 

NE  of  Seneca  Reservoir 

Abbreviations:  c=clay,  l=loam,  s=sand,  si=silt,  ss=sandstone,  sh=shale,  Qal=Quaternary  alluvium,  k=carbonates,  y=gypsum, 
y=younger,  o=older,  ter.=terrace,  g=gravelly,  br=brown,  meta.=metamorphosed,  sed.=sedimentary,  ba.=basic,  ig.=igneous, 
ub=ultra  basic  rock  (for  others  see  Borchardt,  1988a). 


to  build  in  the  zone  are  usually  required  to  conduct  a  special 
study  that  will  prevent  structures  for  human  occupancy  from 
being  built  on  an  active  trace.  The  geologic  consultants  who 
perform  this  work  generally  excavate  trenches  perpendicular 
to  suspected  traces,  log  the  trench  wall,  and  prepare  a  report 
that  may  describe  soils  displaced  by  the  fault.  Such  reports 
are  presented  to  city  and  county  governments  which,  in  turn, 
generally  submit  copies  to  the  Division  of  Mines  and  Geolo- 
gy. As  of  October  1985,  339  reports  involving  special  stud- 
ies of  the  Hayward  fault  had  been  filed  with  the  state  (Table 
2,  Figure  1).  Elsewhere,  offset  soils  were  reported  in  45  of 
the  1 24  studies  on  land  having  mapped  traces  of  the  fault. 
Of  these  45  reports,  23  were  from  the  Niles  quadrangle 
where  urban  development  has  been  especially  vigorous 
since  1972.  In  addition,  the  Niles  alluvial  cone  has  a  rela- 
tively stable  Holocenc  surface  and  any  linear  geomorphic 
features  across  it  are  likely  to  have  been  produced  by  fault- 
ing. Steep  areas  elsewhere  along  the  fault  may  have  colluvi- 
al  deposits,  expansive  soils,  and  landslides  that  tend  to  de- 
stroy or  conceal  tectonic  features. 


DETAILED  SOIL  STUDIES 

Pedochronological  studies  involving  detailed  descriptions, 
sampling,  and  laboratory  analyses  were  performed  along  the 
fault  at:  A)  Point  Pinole  Regional  Shoreline,  Richmond,  B) 
the  University  of  California,  Berkeley,  C)  Masonic  Home, 
Union  City,  and  D)  Fremont  Civic  Center  (Figure  1). 

A.  Point  Pinole  Regional  Shoreline,  Richmond 

Three  soil  sites  were  investigated  along  the  fault  at  Point 
Pinole.  The  sites  are  located  in  the  tidal  marsh,  on  a  land- 
slide, and  on  a  probable  wave-cut  platform  (Site  A,  Figure 

Tidal  Marsh.  At  Point  Pinole  the  Hayward  fault  forms  a 
prominent  linear  scarp  along  the  edge  of  the  tidal  marsh. 
Borchardt  (1988c)  studied  two  embayments  in  which  Reyes 
silty  clay,  a  soil  formed  in  bay  mud,  is  crossed  by  the 
mapped  trace  of  the  fault.  The  Reyes  soil  typically  has  a 
black  A  horizon  overlying  a  gray  silty  clay  C  horizon  show- 
ing little  signs  of  pedogenesis.  At  the  60-cm  depth  in  the 
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Table  2.  Alquist-Pholo  Special  Studies  reporting  offset  soils  within  the  12  quadrangles 
along  the  Hayward  fault  as  of  October  1985. 


TOTAL 

REPORTS 

% 

NO. 

NAME 

NO. 

EXAM- 

OFFSET 

WITH 

REPORTS 

INED 

SOILS 

OFFSET  SOILS 

1 

Mare  Island 

0 

0 

0 

0 

2 

Richmond 

44 

26 

4 

9 

3 

Oakland  West 

0 

0 

0 

0 

4 

Oakland  East 

60 

14 

2 

3 

5 

San  Leandro 

18 

7 

0 

0 

6 

Hayward 

84 

14 

6 

7 

7 

Newark 

8 

2 

2 

25 

8 

Niles 

48 

34 

23 

48 

9 

Milpitas 

22 

6 

4 

18 

10 

Calaveras  Reservoir        26 

11 

3 

8 

11 

San  Jose  East 

29 

10 

1 

3 

12 

Lick  Observatory 

0 

0 

0 

0 

339 

124 

45 

13 

crustal  stability  at  Point  Pinole,  the  Bay 
waters  extended  across  the  fault  during  the 
Sangamon  highstand  at  isotope  stage  5e 
dated  by  Edwards  and  others  (1987)  at 
precisely  122  ka.  This  would  have  re- 
moved sediments  older  than  122  ka  and 
planated  the  bedrock  along  this  part  of  the 
fault.  At  this  location  a  trench  across  the 
fault  revealed  a  southwest-dipping  thinly 
bedded  Plio-Pleistocene  unit  on  the  south- 
west side  of  the  fault  and  a  flat-lying  late 
Pleistocene  colluvial  unit  on  the  northeast 
side.  Residual  soils  formed  across  the  trun- 
cated Plio-Pleistocene  beds  have  dark 
grayish  brown  (10YR4/2m)  Bt  horizons 
with  strong  prismatic  structure.  The  collu- 
vial unit  had  a  black  A  horizon  overlying  a 
light  gray  (10YR5/3m,  7/2d)  loam  E  hori- 
zon formed  under  the  intermittently  poor 
drainage  conditions  produced  by  the  fault. 
These  soils  do  not  have  the  high  chromas 
and  extensive  clay  film  development 
found  in  better  drained  soils  of  similar 
ages. 


northwesterly  embayment,  the  soil  contains  a  sedimentary 
peat  layer  dated  at  1.3  ka.  Shallow  trenches  in  the  marsh 
failed  to  uncover  definitive  evidence  for  offset  within  the 
upper  150  cm.  The  soft,  permanently  water-saturated  sedi- 
ments apparently  are  too  plastic  to  undergo  the  brittle  defor- 
mation necessary  for  producing  discrete  offset  of  soil  hori- 
zons. 

Landslide.  Landsliding  and  fault  movement  interact  at 
Point  Pinole  to  produce  linear  depressions  favorable  for  the 
formation  of  an  acidic  Vertisol  (Borchardt,  1988b).  Because 
these  depressions  only  occasionally  are  filled  with  water,  the 
expansive  clays  therein  shrink  and  swell  each  season,  caus- 
ing soils  along  the  fault  to  be  "self-plowing."  Fine  sedimen- 
tary detail  consequently  is  lost,  with  over-thickened,  black, 
strong  blocky  AB  horizons  being  the  result.  Soil  carbon 
from  the  rootless  lower  1-m  of  the  4-m  thick  Vertisol  exca- 
vated at  Point  Pinole  had  a  C-14  age  of  3,690  yr  B.P.  This 
yields  a  dendro-corrected  age  of  4.1+0.3  ka.  Calculated  as  a 
mean  residence  time  (MRT),  this  would  yield  8.2  ka.  Be- 
cause soil  carbon  at  the  bottom  of  the  AB  horizon  is  older 
than  the  average,  it  cannot  be  a  representative  MRT.  The  t 
of  this  soil  is  therefore  between  4  and  8  ka — probably  about 
6ka. 

Wave-cut  Platform(?).  The  Hayward  fault  usually  forms 
the  boundary  between  the  East  Bay  Hills  and  the  alluvial 
plain  along  San  Francisco  Bay.  But  in  the  southeastern  part 
of  Point  Pinole  Regional  Shoreline  the  fault  is  up  to  200  m 
west  of  the  range  front  (Borchardt  and  Seelig,  1991,  stop  2). 
Borchardt  (1988b;  1991a)  speculated  that,  due  to  the  relative 


B.  University  of  California,  Berkeley 

The  campus  has  soils  ranging  in  age  from  0.5  ka  to  over 
80  ka  (Site  B,  Figure  1).  The  soils  here  are  developed  main- 
ly in  debris-flow  and  colluvial  materials  shed  from  the  hills 
on  the  east  side  of  the  fault. 

The  youngest  soil  is  a  reworked  colluvial  unit  burying 
thinly  bedded  pond  sediments  C-14  dated  at  0.46  ka  (Bor- 
chardt and  Mace,  this  volume). 

The  next  oldest  is  the  colluvial  soil  overlying  a  subsidiary 
fault  trace  west  of  Stern  Hall.  Three  independent  pedochro- 
nologists  (Shlemon,  Swan,  and  Borchardt)  estimated  a  td  of 
about  4  ky  for  this  soil  based  on  incipient  B-horizon  devel- 
opment. Soil  carbon  from  the  base  of  the  A  horizon  later 
yielded  an  age  of  3,800  yr  B.P.  (Korbay,  1988). 

A  paleosol  beneath  the  above-mentioned  ponded  sedi- 
ments north  of  Bowles  Hall  had  a  tb  of  0.46  ka  and  an  esti- 
mated t  of  11  ka  (Borchardt  and  Mace,  this  volume).  Devel- 
oped on  sandstone  colluvium,  this  paleosol  was  about  1.5  m 
thick  and  had  a  dark  grayish  brown  (10YR4/2m)  gravelly 
clay  loam  Bt  horizon  with  common  moderately  thick  clay 
films. 

Two  Pleistocene  soils  were  developed  on  sandstone  de- 
bris-flow materials  near  Cowell  Hospital  to  the  west  (Bor- 
chardt, 1991b).  The  upper  soil  has  brown  (7.5YR4/4m) 
gravelly  clay  loam  BCt  and  CBt  horizons  with  subangular  to 
angular  blocky  structure  to  depths  up  to  180  cm.  It  has  con- 
tinuous moderate  to  thick  clay  films  and  highly  acid  pH 
values  ranging  between  4.5  at  the  surface  to  5.7  at  depth. 


116 


DIVISION  OF  MINES  AND  GEOLOGY 


SP113 


This  soil  is  estimated  to  have  a  td  of  about  25  ky.  The  under- 
lying soil  was  a  paleosol  with  a  33-cm  thick  reddish  brown 
(5YR4/4m)  gravelly  clay  loam  Bt  horizon  with  continuous 
moderate  to  thick  clay  films.  This  paleosol  is  estimated  to 
have  a  td  about  twice  that  of  the  upper  soil — 50  ky.  Thus  the 
paleosol  has  an  estimated  t  of  75  ka  and  a  tb  of  25  ka. 

The  oldest  soil  on  the  campus  appears  to  be  the  one  offset 
by  a  subsidiary  trace  east  of  Stern  Hall.  R.J.  Shlemon  con- 
sidered this  residual  soil  on  old  colluvium  to  be  about 
100,000  years  old  (Korbay,  1988,  p.  11-12). 

C.  Masonic  Home,  Union  City 

Fault-parallel  trenches  excavated  across  a  small  alluvial 
fan  on  the  southwest  side  of  the  fault  at  the  Masonic  Home 
in  Union  City  led  to  preliminary  estimates  of  the  slip  rate  of 
the  Hay  ward  fault  (Lienkaemper  and  Borchardt,  1991,  1992; 
Site  C,  Figure  1).  Offset  channel  fills  are  associated  with 
overbank  deposits  having  soils  and  paleosols  with  t  's  be- 
tween 0.6  ka  and  14  ka.  Of  special  note  is  a  well-dated  peri- 
od of  Bk  (carbonate)  horizon  development  that  occurred 
between  10  ka  and  8  ka.  Probably  because  of  the  predomi- 
nance of  the  Orinda  Formation  in  the  watershed,  extensive 
clay  film  development  occurred  here  in  as  little  as  4  ky.  Thin 
overbank  deposits  on  the  fan  contain  very  fine  smectitic 
(Borchardt,  1989)  clays  reworked  from  that  formation. 
These  clays  are  easily  eluviated,  and  readily  coat  the  coarse 
sands  and  gravels  of  the  underlying  channel-fill  sediments. 

D.  Fremont  Civic  Center 

The  soils  on  the  surface  of  Niles  alluvial  fan  are  excellent 
for  proving  fault  activity,  for  they  invariably  have  t  's  that 
are  less  than  9  ka.  The  rise  in  sea  level  at  the  end  of  the 
Pleistocene  caused  San  Francisco  Bay  to  fill  with  water, 
which  in  turn  caused  Alameda  Creek  to  overflow  its  banks 
with  increasing  frequency.  The  resulting  flood  deposits  coat- 
ed the  Niles  fan  with  a  thin  veneer  of  upward  fining  silts  and 
clays.  The  flood  deposits  overlie  coarse  sand,  gravel,  and 
cobble  channel  deposits  that  were  offset  along  the  fault 
(Borchardt  and  others,  this  volume).  The  cummulic  soils 
southeast  of  Fremont  Civic  Center  in  the  center  of  the  fan 
have  a  weakly  developed  A/Bk/C  profile  (Site  D,  Figure  1; 
Borchardt  and  others,  1988).  Unlike  the  soils  at  Masonic 
Home,  these  show  no  evidence  of  clay  translocation  or  Bt 
horizon  development. 

A  poorly  drained  downwarp  along  the  fault  provided  a 
unique  opportunity  to  obtain  an  independent  age  of  the  over- 
bank  deposit.  Soil  organic  carbon  with  an  MRT  of  2,000  yr 
B.P.  accumulated  in  the  upper  130  cm  of  the  deposit  during 


the  last  4,000  radiocarbon  years  (Borchardt  and  others, 
1988).  This  part  of  the  soil  had  subsided  1.7  m  since  its  dep- 
osition, a  subsidence  rate  of  about  0.43  mm/yr.  The  subsid- 
ence of  the  entire  overbank  deposit  was  3.1  m,  and  by  as- 
suming a  constant  subsidence  rate,  we  calculated  that  over- 
bank  deposition  began  at  7,800  yr  B.P.  This  calibrated  age  is 
similar  to  that  obtained  for  charcoal  from  the  underlying 
channel  fill  dated  at  7,990+160  yr  B.P.  (Borchardt  and  oth- 
ers, 1992). 

Soils  of  the  Niles  cone  appear  relatively  immature  because 
they  are  cummulic.  That  is,  they  continually  receive  fresh, 
relatively  unweathered  materials  with  each  flood.  In  addi- 
tion, they  tend  to  have  a  mixed  clay  mineralogy  not  domi- 
nated by  fine  smectitic  clays  that  are  most  easily  translocat- 
ed and  deposited  to  form  Bt  horizons  (Borchardt  and  others, 
1988). 

CONCLUSIONS 

Soils  along  the  Hayward  fault  have  td's  ranging  from  0.5 
ky  to  120  ky.  Well  drained  Holocene  soils  tend  have  10YR 
colors  (black  or  gray  to  dark  brown),  while  well  drained 
Pleistocene  soils  tend  to  have  7.5YR  or  5YR  colors  (yellow- 
ish brown  to  reddish  brown).  Clay  film  development  occurs 
in  as  little  as  4  ky  in  soils  developed  in  parent  materials 
containing  high  amounts  of  fine  smectitic  clays,  but  can  be 
absent  in  cummulic  soils  as  old  as  9  ka.  Coarse  strong 
blocky  structure  can  form  in  Vertisols  in  as  little  as  6  ky, 
while  E  horizons  formed  in  colluvium  on  the  high-water 
side  of  the  fault  remain  structureless  for  over  ten  times  as 
long.  The  high  geological  variability  makes  pedochronology 
difficult,  but  detailed  soil  studies  backed  by  carbon  dating 
and  other  laboratory  analyses  are  slowly  yielding  valuable 
insights  into  soil  development  as  well  as  the  behavior  of  the 
Hayward  fault. 
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Deformation  Near  the  Hayward  Fault  Associated 
with  the  1868  Earthquake 

by 
Paul  Segall1  2  and  Jeffrey  Freymueller1 


ABSTRACT 

First  order  triangulation  was  conducted  in  the  San  Francisco  Bay  Area  in  the  1850s  and  again  in 
the  1 880s.  Following  the  1906  earthquake,  much  of  the  triangulation  in  the  Bay  Area  was  reoccu- 
pied.  The  first  two  surveys  bracket  the  1868  earthquake  on  the  Hayward  fault.  In  their  classic 
study,  Hayford  and  Baldwin  (1908)3  computed  horizontal  displacements  for  the  interval  1850  to 
1 880  and  attributed  the  motions  to  the  1 868  event.  They  also  computed  the  displacements  for  the 
interval  1880  to  1907  and  attributed  the  motion  to  the  1906  event.  Recently,  Segall  and  Lisowski 
(1990)4  recomputed  the  1906  displacements  using  linearized  equations  relating  the  change  in  hori- 
zontal angle  to  station  displacements.  They  found  displacements  that  are  much  more  consistent 
with  the  observed  right-lateral  slip  in  the  1906  earthquake  than  the  displacements  reported  by 
Hayford  and  Baldwin.  It  is  not  possible,  however,  to  apply  these  methods  to  the  1868  earthquake 
since  most  of  the  1880s  measurements  did  not  repeat  angles  measured  in  the  1850s.  In  this 
study  we  have  developed  a  simultaneous  adjustment  method  for  computing  displacement,  that 
solves  for  both  the  station  coordinates  in  the  first  epoch  (1850s)  and  the  change  in  coordinates 
(displacement)  between  the  two  epochs.  The  initial  coordinates  are  basically  "nuisance  parame- 
ters" and  can  be  removed  from  the  problem  by  denuisancing  techniques.  We  will  apply  these 
methods  to  the  1850  and  1880  triangulation  measurements.  Examination  of  the  available  data 
suggests  that  we  should  be  able  to  determine  the  horizontal  displacements  of  a  few  stations  in  the 
proximity  of  the  1868  earthquake. 
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2U.S.  Geological  Survey,  345  Middlefield  Road,  Menlo  Park,  CA  94025 

3Hayford,  J.F.  and  Baldwin,  A.L.,  1908,  in  The  California  Earthquake  of  April  18,  1906: 

Report  of  the  State  Earthquake  Investigation  Commission,  Lawson,  A.C.,  ed.,  Carnegie  Institution 

Washington,  Washington,  D.C.v.  1,  p.  114-145. 
'Segall,  Paul,  and  Lisowski,  Michael,  1990,  Surface  displacements  in  the  1906  San  Francisco  and  1989 
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Creep  and  Downslope  Movements 

in  the  Hayward  Fault  Zone 
in  North  Berkeley:  Ten  Years  Later 

by 
David  F.  Hoexter1,  Keith  Knudsen2 

Barry  Hecht2,  Dennis  Laduzinsky3,  and  Geoff  Fiedler3 


ABSTRACT 

Replication  of  a  1982  curbline  survey  has  resulted  in  an  increased  understanding  of  landslide  processes 
in  the  North  Berkeley  Hills,  and  the  relationship  of  this  landsliding  to  fault  creep.  The  component  of  land- 
slide movement  parallel  to  the  Hayward  fault,  which  bifurcates  the  hills  in  the  study  area,  is  greater  than  the 
acknowledged  rate  of  fault  creep.  This  leads  to  a  conclusion  that  workers  in  the  Berkeley  Hills,  and  similar 
localities,  should  be  cautious  when  attempting  to  describe  or  locate  fault  activity. 

Due  to  landslide  movement  in  the  intervening  ten  years  between  surveys,  the  1982  methodology  of 
calculating  fault  creep  in  the  study  area,  which  consisted  of  measuring  the  offset  of  two  assumed  stable 
end  points,  was  not  employed.  A  calculation  based  on  a  shorter  reach  minimally  impacted  by  landslides, 
was  used.  The  calculated  creep  rate  for  the  Hayward  fault,  based  on  the  1991  data,  is  approximately  0.2 
inches  (4  mm)  per  year. 


INTRODUCTION 

In  January  1982,  Hoexter  and  others  (1982)  evaluated  fault 
creep  and  landslide  phenomena  along  the  Hayward  fault  zone 
in  the  North  Berkeley  Hills  (see  inset  map  in  Figure  1).  The 
study  included  detailed  mapping  of  distressed  cultural 
features,  a  review  of  utility  line  breakage  records,  locating 
original  geomorphic  features  from  historical  photographs, 
discussions  with  city  engineers  and  residents,  and  surveying. 
These  techniques  were  combined  to  distinguish  downslope 
movement  from  fault  creep,  and  to  identify  an  active  trace  of 
the  Hayward  fault  zone  in  the  vicinity  of  Marin  Avenue  and 
Spruce  Street.  Central  to  the  investigation  was  a  curbline 
survey  along  Marin  Avenue,  which  transects  the  study  area 
and  runs  approximately  perpendicular  to  the  fault. 

The  1982  investigation  identified  an  approximately  300  foot 
(90  meters)  wide  zone  of  fault  creep.  The  study  documented 
13.5  inches  (343  mm)  of  offset  in  the  period  between  1910 
and  1982,  based  on  the  curbline  survey.  This  corresponded  to 
an  average  annual  rate  of  fault  creep  of  approximately  0.2 


inches  (5  mm)  per  year.  The  calculation  of  13.5  inches  was 
made  from  survey  data  of  the  south  curb  originating  at  the 
base  of  Marin  Avenue  at  The  Circle,  and  terminating  at 
Grizzly  Peak  Boulevard  near  the  summit  of  the  hills,  nearly 
4,000  feet  (1,200  meters)  to  the  east.  The  calculation  assumed 
that  the  curb  had  initially  been  surveyed  and  constructed  along 
a  straight  azimuth,  a  supposition  supported  by  survey  records 
and  plat  maps  provided  by  the  City  of  Berkeley  Department  of 
Public  Works. 

The  October  1991  investigation  reoccupied  the  January 
1982  survey.  It  was  anticipated  that  at  an  annual  creep  rate  on 
the  order  of  0.2  inches,  approximately  2.0  inches  (51  mm)  of 
creep  should  have  occurred  within  the  intervening  10  years. 
Again,  measurements  were  made  of  the  net  apparent  offset  of 
the  curb  between  The  Circle  and  Grizzly  Peak  Boulevard.  Our 
results  show  that  significantly  more  than  the  two  inches  of 
anticipated  offset,  or  creep,  has  occurred  during  the  1982-1991 
period.  The  following  presents  our  interpretation  of  this 
occurrence. 


1  Hoexter  Consulting,  Inc.,  734  Torreya  Court,  Palo  Alto,  CA  94303 

2  Balance  Hydrologies,  Inc.,  1760  Solano  Avenue,  Suite  209,  Berkeley,  CA 94707 
3Harza  Kaldveer  Associates,  Inc.,  425  Roland  Way,  Oakland,  CA 94621 
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Figure  1 .  Location  Map  showing  previously  mapped  traces  of  the  Hayward  Fault,  North  Berkeley  area, 
California  (from  Hoexter  and  others,  1982). 


GEOLOGIC  AND  GEOMORPHIC  SETTING 

The  study  area  is  located  on  the  west-facing  slope  of  the 
Berkeley  Hills,  a  northwest-trending  range  which  is  part  of  the 
Coast  Ranges  Geomorphic  Province.  The  area  is  underlain  by 
volcanic,  metamorphic,  and  sedimentary  rocks  varying  in  age 
from  Jurassic-Cretaceous  through  Quaternary.  The  oldest 
rocks  are  the  Mcsozoic  Franciscan  Assemblage,  and  the 
similarly  aged  Great  Valley  Sequence.  Younger  rocks  consist 
of  Cenozoic  sedimentary  and  volcanic  rocks.  An  unconsolidat- 
ed mantle  of  colluvium  and  landslide  deposits  overlies  the 
bedrock.  Numerous  faults,  active  and  inactive,  juxtapose  the 
various  Mesozoic  and  Cenozoic  rocks. 


The  Berkeley  Hills  slope  west-southwest  at  an  average  slope 
of  10  to  15  degrees.  Knobs  of  relatively  resistant  rhyolite, 
greenstone,  chert,  and  conglomerate  create  prominent 
outcrops  and  sharp  local  breaks  in  the  regional  slope.  Benches, 
scarps,  marshy  areas,  and  isolated  ridges  and  hummocks  are 
present  throughout  the  middle  elevations.  Many  of  these 
features  are  interpreted  by  previous  workers  (see  Figure  1)  to 
indicate  the  location  of  fault  traces  in  the  Hayward  fault  zone. 
However,  many  of  the  geomorphic  features  are  related  to 
deep-seated  landsliding.  In  this  area,  three  prominent,  active 
landslides  cover  perhaps  30  per  cent  of  the  lower  and  middle 
elevations  of  the  hills.  Additional  landslides  occur  throughout 
all  elevations  of  the  hills,  and  may  occupy  as  much  as  75  per 
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Figure  2.  Landslides  and  features  defining  movement  within  the  Hayward  fault  zone,  North  Berkeley 
area,  California  (from  Hoexter  and  others,  1982). 


cent  of  the  west-facing  slopes.  Figure  2  shows  the  distribution 
of  prominent  landslides  in  the  area,  although  they  are  probably 
of  greater  extent  than  shown.  Hundreds  of  residences,  many 
built  as  early  as  1910-1920,  and  most  constructed  prior  to  the 
1940s,  are  located  on  these  landslides.  Damage  from  landslide 
movement  is  widespread,  but  few  residences,  and  only  in 
isolated  areas,  have  been  destroyed  or  badly  damaged. 
Significant  damage  is  largely  limited  to  the  margins  of  the 
slides.  The  limited  damage  may  be  due  to  a  "rafting"  phenom- 
enon, where  the  structures  are  slowly  being  carried  downslope 
by  the  slow-moving,  relatively  thick  soil  mass,  with  minor 
deformation  occurring  internally  within  the  mass  and  principal 
displacements  localized  along  the  slide  margins. 


SIGNIFICANCE  OF  THE  LANDSLIDES 

Landslides  are  particularly  significant  to  the  identification  and 
characterization  of  slip  on  the  Hayward  fault.  The  fault  has  been 
variously  mapped  crossing  the  trend  of  Marin  Avenue  from  the 
base  of  the  slope,  at  The  Circle,  to  Spruce  Street,  and  above 
(Figure  1).  The  landslides,  coupled  with  construction  grading 
conducted  as  part  of  hillside  development,  generally  mask  the 
fault-related  features  commonly  observed  elsewhere  along  the 
Hayward  fault.  At  some  locations,  it  is  difficult  to  separate 
damage  to  cultural  features  caused  by  fault  creep,  from  that 
attributable  to  mass  wasting  processes.  The  fault  is  oriented  in  a 
north-northwest  to  south-southeast  direction.  As  will  be  shown, 
the  southern  component  of  landsliding  in  the  vicinity  of  Marin 
Avenue  is  of  greater  magnitude  than  the  right-lateral  (southerly) 
creep  of  the  Hayward  fault. 
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FIELD  OBSERVATIONS 

Detailed  field  mapping,  such  as  was  conducted  for  the  1982 
investigation,  was  not  repeated  for  this  (1991)  study.  The  most 
significant  1991  observation  was  a  relatively  minor,  yet 
observable,  increase  in  damage  to  the  roadway,  curbs,  and 
sidewalks  along  Marin  Avenue  in  the  nearly  ten  intervening 
years  between  the  two  surveys.  This  damage  was  particularly 
notable  on  Marin  Avenue,  between  Santa  Barbara  Road  and 
Spruce  Street.  One  section  of  the  concrete  roadway,  at 
approximately  Station  1570  to  1600  (Figure  3),  had  been 
replaced,  and  the  roadway  was  cracked  in  a  crude  left-stepping 
en  echelon  pattern  at  this  general  location.  Other  locations, 
particularly  along  Marin  Avenue  at  and  above  (to  the  east  of) 
Euclid,  and  in  the  vicinity  of  Cragmont  Avenue,  appeared  to 
have  been  further  damaged  in  the  intervening  years,  although 
we  were  not  able  to  document  this  in  a  definitive  manner. 


METHODS  OF  INVESTIGATION 

In  September  and  October,  1991,  the  January  1982  survey 
was  repeated,  replicating  as  nearly  as  possible  the  1982 
survey.  The  1991  survey  was  conducted  by  assuming  that  the 
initial  block  of  Marin  Avenue,  east  and  upslope  of  The  Circle, 
has  remained  essentially  at  its  original  location.  Although 
there  is  some  evidence  of  compression  to  cultural  features  at 
the  base  of  the  steep  slope  of  Marin  Avenue  at  The  Circle, 
there  does  not  appear  to  be  identifiable  lateral  movement  at 
this  location.  The  southern  curbline  was  utilized  as  a  baseline, 
extending  a  distance  of  400  feet  (ten  per  cent  of  the  total 
distance  surveyed),  and  offsets  of  the  center  of  the  curbline 
from  this  baseline  were  measured  as  the  line  was  extended 
upslope  to  Grizzly  Peak  Boulevard.  This  curb  was  initially 
constructed  in  1910,  and  replaced  in  1963  by  the  City  without 
correction  for  downslope  or  fault  creep  distortion,  when  the 
entire  surveyed  reach  was  rebuilt. 
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The  1982  survey  instrument,  a  Wild  T-2  theodolite,  was  not 
available  for  the  1991  survey,  and  we  were  not  able  to  obtain  a 
similar  model.  Thus,  a  Pentax  GT-4B  theodolite  was  utilized 
on  the  first  two  days  of  the  survey,  and  a  Pentax  FX-IDE  was 
used  on  the  third  day.  The  instruments  were  checked  for 
possible  cumulative  error  by  inversion  at  every  station  change, 
and  for  vertical  travel  against  a  plumb  line  and  datum  points 
marked  on  the  pavement.  Measurements  were  made  in  foot- 
pound-second units  to  the  nearest  hundredth  of  a  foot. 

DISCUSSION 

Figure  3  is  a  plot  of  the  1982  and  1991  surveys  of  curb-line 
deflection.  The  data  show  that  significant  lateral  movements 
have  occurred  in  the  10  year  period  between  surveys.  Of  note 
is  the  increase  in  lateral  movement  to  the  south  as  one 
proceeds  east  from  The  Circle.  This  increase  is  particularly 
noteworthy  east  of  Cragmont  Avenue,  and  again,  to  the  east  of 
Euclid  Avenue.  A  similar  trend  is  apparent  in  the  1982  survey 
when  compared  to  the  1 963  and  1910  positions  of  the  curb 
(see  Figure  4  of  Hoexter  and  others,  1982),  although  the 
magnitude  of  the  1982-91  change  is  significantly  greater  than 
the  1910-63/82  changes.  The  calculated  difference  in  locations 
of  Marin  Avenue  between  1982  and  1991  is  shown  on  Figure 
4.  Of  interest  is  the  relatively  straight  line  of  the  plot  from 
approximately  Station  2800  east  to  the  end  of  the  survey.  The 
monotonic  increase  in  movement  represented  by  the  straight 
line  suggests  a  systematic  survey  error.  However,  as  discussed 
in  subsequent  sections  of  this  paper,  such  a  conclusion  is  not  at 
all  certain. 

We  interpret  that  progressive  movement  of  three  prominent 
landslides  is  shown  by  the  survey  data  (Figure  3).  The  relative 
directions  of  movement  are  indicated  by  deflection  of  the 
survey  lines.  In  relation  to  Marin  Avenue,  the  three  slides4  are 
approximately  located  east  of  Spruce  Street,  with  a  major 
southern  component  of  movement  ("Spruce  Street  slide"); 
between  the  Spruce  Street  slide  and  Cragmont  Avenue,  with  a 
significant  component  of  movement  to  the  north  ("Cragmont 
School  slide");  and  east  of  Cragmont  Avenue  to  Euclid 
Avenue,  and  the  upslope  area  east  of  Euclid  Avenue,  with  a 
component  of  movement  to  the  south  ("Euclid  Avenue  slide"). 
The  slides  generally  are  moving  in  a  west  to  southwest 
direction.  However,  locally  the  slides  have  a  significant 
component  to  the  north  (the  Cragmont  School  slide)  and  to  the 
south  (the  Spruce  Street  and  Euclid  Avenue  slides).  The  1991 
survey  data  show  that  the  slides  have  moved  as  much  as  four 
feet  to  the  south,  in  addition  to  a  presumedly  greater  amount 
of  downslope  movement  to  the  west,  since  1910  (represented 
by  the  base,  or  zero  deflection  line,  on  Figure  3).  Of  greater 
significance  is  the  indication  of  accelerated  southward 
movements  since  1982  of  nearly  the  entire  surveyed  reach 
from  Santa  Barbara  Road,  and  particularly,  from  Cragmont 
Road,  to  Grizzly  Peak  Boulevard. 


Of  particular  importance  to  this  study  was  delineation  of 
creep  along  the  Hayward  fault.  Based  on  field  evidence,  such 
as  a  break  in  slope  and  damage  to  the  pavement  section,  we 
would  place  the  active  creep  zone  between  Santa  Barbara 
Road  and  Spruce  Street,  particularly  between  Stations  1560 
and  1700.  The  survey  data  at  this  location,  however,  are  not 
conclusive,  although  they  do  indicate  on-going  southward 
movement  east  of  the  fault  between  1982  and  1991.  A  zone 
of  creep  of  greater  magnitude,  with  relative  movement  in  the 
same  direction,  is  suggested  by  the  offset  of  pavement  blocks 
on  Spruce  Street,  immediately  south  of  Marin  Avenue,  as 
described  by  Lennert  (1982)  and  Hoexter  and  others  (1982), 
and  indicated  by  the  surveying  of  this  study  and  of  Lienkaem- 
per  and  others  (1991).  Unfortunately,  the  surveys  necessarily 
jump  from  the  southwest  to  the  southeast  curbs  of  the  Marin/ 
Spruce  intersection,  across  the  southwest  margin  of  the 
Cragmont  School  Landslide. 

The  southward  drift  of  Marin  Avenue  at  this  location  could 
be  due  to  landslide  movement;  the  residence  located  at  the 
northwest  corner  of  Spruce  Street  and  Marin  Avenue  appears 
to  be  subjected  to  distress  which  more  closely  approximates 
downslope  movement  in  the  immediate  site  vicinity,  rather 
than  creep  parallel  to  the  trend  of  the  Hayward  fault.  Howev- 
er, offset  of  the  Spruce  Street  pavement  blocks  is  parallel  to 
the  fault  trend  and  an  order  of  magnitude  similar  to  creep 
rates  measured  elsewhere  along  the  Hayward  fault.  A  very 
wide  creep  zone  on  the  order  of  300  feet  would  thus  be 
indicated.  Alternatively,  as  shown  by  Lienkaemper  (1992), 
the  active  Hayward  fault  at  this  locality  may  consist  of  two 
parallel  or  overlapping  strands. 

POSSIBLE  SURVEY  ERROR 

As  noted  earlier,  the  survey  data  show  that  significantly 
more  offset  of  the  reach  from  The  Circle  to  Grizzly  Peak 
Boulevard  has  occurred  in  the  past  ten  years  (2.68  feet)  than 
the  previous  72  years  (1.07  feet).  Close  scrutiny  of  the  survey 
data  provides  no  definitive  indication  of  survey  error.  The 
trends  of  the  two  surveys,  1982  and  1991,  are  nearly  parallel 
from  The  Circle  to  approximately  Station  2400,  where  a 
significant  divergence  begins.  This  divergence  occurs  east  of 
the  Cragmont  School  landslide,  within  the  Euclid  Avenue 
landslide.  An  instrument  relocation  was  made  at  Station  2337 
on  the  second  day  of  surveying.  The  location  was  checked  by 
back  sighting  to  previous  survey  points  and  the  preceding 
instrument  station.  The  change  of  instruments  did  not  occur 
until  Station  3140.  The  1982-1991  survey  differential  is 
shown  on  Figure  4.  The  differential  plot  is  nearly  linear  from 
Station  2337  to  Grizzly  Peak  Boulevard.  This  might  suggest  a 
systematic  survey  error  if  the  two  survey  lines,  as  shown  in 
Figure  3,  were  parallel  and  straight  (there  has  been  no 
movement  in  the  intervening  years).  However,  as  indicated 
on  Figure  3,  the  two  surveys  diverge  from  approximately 


"Landslide  names  are  not  official  designations,  and  are  used  for  ease  of  discussion  only. 
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Station  3343,  approximately  1,000  feet  east  of  the  point  at 
which  the  differential  plot  (Figure  4)  is  linear,  with  the  1982 
survey  indicating  movement  of  the  curb  to  the  north,  and  the 
1991  survey  indicating  southward  movement.  On  the  other 
hand,  along  the  survey  reach  between  Stations  2337  and  3343 
the  two  curb  lines  follow  similar  trends,  excepting  that  the 
1991  survey  diverges  further  to  the  south  than  the  1982 
survey.  Thus,  while  the  possibility  of  survey  error  exists, 
analysis  of  the  results  and  of  our  methodologies  has  not 
suggested  this  occurrence. 

MEASUREMENTS  OF  FAULT  CREEP 

Our  previous  investigation  resulted  in  calculated  net  creep  of 
1.07  feet  between  1910  and  1982,  corresponding  to  a  rate  of 
nearly  0.2  inches  (4.6  mm)  per  year.  This  creep  rate  was  based 
on  the  relative  positions  of  assumed  "fixed"  reference  points  at 
The  Circle  and  the  Grizzly  Peak/Marin  intersection.  A  similar 
measurement  based  on  the  current  study  results  in  a  calculated 
average  creep  rate  of  0.6  inches  (15  mm),  based  on  an  offset 
of  3.85  feet  between  1910  and  1991.  This  is  approximately 
three  times  the  previously  calculated  rate.  Although  short-term 
increases  (and  decreases)  in  tectonic  creep  rate  are  possible, 
clearly,  this  very  large  apparent  increase  in  the  rate  of  creep  is 
unlikely  to  have  occurred. 


As  discussed,  extensive  landsliding  with  a  southern  (parallel 
to  right-lateral  fault  creep)  component  has  occurred  in  the 
upper  reaches  of  our  survey.  We  have  thus  calculated  the  rate 
of  creep  for  shorter  reaches  of  the  survey,  which  minimizes 
the  effects  of  landsliding.  In  particular,  we  have  evaluated  the 
reach  from  Santa  Barbara  Road  to  Spruce  Street  (Figure  3). 
This  reach  corresponds  with  our  interpretation  of  the  zone  of 
fault  creep,  based  on  geomorphic  features.  Based  on  the 
differential  in  the  nearly  ten  years  between  surveys,  the  creep 
rate  from  Santa  Barbara  to  the  east  side  of  Marin  is  calculated 
to  be  1.1  inches  (27  mm)  per  year.  Between  1910  and  1991, 
the  rate  for  the  same  interval  would  be  0.5  inches  (12  mm)  per 
year.  The  1982  data  (1910  to  1982)  results  in  an  average  rate 
of  0.3  inches  (8  mm)  per  year. 

These  values,  however,  reflect  the  survey's  crossing  of  the 
southwest  margin  of  the  "Spruce  Street/Cragmont  School 
landslide  complex."  Thus,  a  calculation  of  the  offset  of  a 
shorter  reach  from  Santa  Barbara  to  the  west  side  of  Spruce 
Street,  based  only  on  the  1991  survey,  was  made.  The 
cumulative  offset  of  the  Marin  curb  is  a  total  of  1.10  feet  from 
1910  to  1991;  averaged  over  this  period  of  81  years,  this 
calculates  to  0.2  inches  (4  mm)  per  year.  This  creep  rate  is  of 
similar  magnitude  to  the  rate  of  nearly  5.8  mm  (0.23  inches) 
per  year,  as  surveyed  by  Lienkaemper  and  others  (1991)  for 
the  same  reach,  as  well  as  the  additional  reach  across  Spruce 
Street. 
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CONCLUSIONS 

We  have  replicated  a  previous  geodetic  survey,  in  order  to 
document  fault  creep  and  non-tectonic  downslope  movements 
along  the  Hayward  fault  zone  in  north  Berkeley.  The  survey 
does  not  precisely  identify  the  zone  of  fault  creep,  although  a 
preponderance  of  geomorphic  evidence  suggests  that  the  fault 
is  located  between  Santa  Barbara  Road  and  the  east  side  of 
Spruce  Street.  Our  1991  survey  suggests  that  a  zone  of  creep 
occurs  between  Santa  Barbara  Road  and  the  southwest  corner 
of  Spruce  Street.  The  rate  of  creep  for  this  short  segment  of 
Marin  Avenue  is  calculated  to  be  0.2  inches  (4  mm)  per  year, 
comparable  to  the  order  of  magnitude  of  creep  measured 
elsewhere  along  the  Hayward  fault.  We  would  concur  with 
other  workers,  particularly  Lienkaemper  and  others  (1991), 
that  creep  is  occurring  along  Spruce  Street.  However,  in  our 
opinion,  much  of  this  apparent  creep  is  due  to  movement  of 
the  Spruce  Street  Landslide. 

A  general  south  to  southwest  direction  of  downslope  mass 
wasting,  which  is  not  parallel  to  the  general  slope  (west- 
southwest)  of  the  Berkeley  Hills,  is  documented  by  the  survey. 
This  direction  of  movement  can  be  verified  in  the  field,  where 
the  observed  landslides  exhibit  a  definitive  south  to  southwest 
direction  of  movement,  excepting  the  segment  herein  referred 
to  as  the  "Cragmont  School  landslide."  Based  on  the  survey 
and  field  observations,  the  landsliding  is  evident  the  entire 
distance  from  Spruce  Street  to  Grizzly  Peak  Boulevard, 
although  not  as  clearly  evidenced  by  damage  to  cultural 
features  east  (upslope)  of  Hilldale  Avenue.  Of  additional 
interest  is  the  apparent,  active  occurrence  of  landsliding  over 
the  past  10  years.  The  magnitude  of  movement  is  significantly 
greater  than  documented  creep  rates  on  the  Hayward  fault. 
Although  we  cannot  document  the  precise  time  of  occurrence 
of  this  movement,  much  of  the  movement  may  have  occurred 
during  the  unusually  wet  water  years  of  1982  and  1983,  the 
third  and  first  wettest  years  of  the  U.C.  Berkeley  precipitation 
record  beginning  in  1876. 


Our  1982  investigation  concluded  that  approximately  13.5 
inches  of  creep  had  occurred  on  the  Hayward  fault,  based  on 
the  net,  or  cumulative  "offset"  of  the  south  Marin  Avenue  curb 
from  The  Circle  to  Grizzly  Peak  Boulevard.  This  measure- 
ment compensated  for  localized  downslope  movements  by 
spanning  between  two,  assumed  stable  points  (The  Circle  and 
the  Grizzly  Peak/Marin  intersection).  However,  the  apparent 
recent  southward  component  of  landslide  or  related  downs- 
lope movements  above  Euclid  Avenue  would  suggest  that  at 
least  some  of  the  13.5  inches  calculated  for  the  period  prior  to 
1982  may  be  due  to  slope  movements.  Because  creep  is 
documented  along  the  Hayward  fault  both  to  the  north  and  to 
the  south  of  the  study  area,  at  similar  orders  of  magnitude  to 
the  1982  survey  results,  it  is  tempting  to  attribute  the  discrep- 
ancy between  1991  and  1982  surveys  to  an  error.  This, 
however,  does  not  appear  to  have  occurred,  and  thus  we  must 
conclude  that,  pending  further  evaluation  of  the  data,  the 
survey  results  are  real  and  reflect  a  combination  of  fault  creep 
and  slope  movements. 

We  conclude  with  the  following  admonition:  our  results 
showing  that  landslide  movements  obscure  faulting  in  this 
area  should  lead  others  to  be  cautious  when  attempting  to 
describe  or  locate  fault  activity  in  the  Berkeley  Hills  and 
similar  areas. 
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Figure  1    Map  of  Hayward  fault  showing  school  locations. 
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Figure  2.  Site  plan,  Cragmont  School. 
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Published  and  site-specific  studies  have  mapped  the 
Hayward  fault  at  locations  ranging  from  more  than  200  feet 
west  of  Spruce  Street,  well  west  of  the  school,  to  the  west 
edge  of  the  school,  passing  through  the  main  classroom  and 
multipurpose  building. 

In  1926,  the  "Grammar  School  Board  of  Education  of  the 
Berkeley  School  District"  consulted  with  George  D.  Louder- 
back,  a  professor  at  UCB,  regarding  the  proposed  Cragmont 
School  site  and  the  location  of  the  Hayward  fault.  In  a  letter 
quoted  in  the  minutes  to  the  board  meeting  of  April  19,  1926, 
Louderback  stated: 
/  have  succeeded  in  tracing  it  (the  Hayward  fault)  through 
and  find  that  it  runs  below  the  proposed  school  site,  below 
Spruce  Street,  and  near  Santa  Barbara  Road ... 

Lienkaemper  and  others  (1991)  and  Lienkaemper  (1992) 
documented  the  offset  curb  of  Marin  Avenue  near  Santa 
Barbara  Road  and  in  Spruce  Street  and  attributed  the  offset  to 
fault  creep.  Based  on  these  curb  offsets,  certain  geomorphic 
features,  and  some  offset  concrete  slabs,  Lienkaemper  (1992) 
mapped  the  main  trace  immediately  west  of  the  school, 
approximately  under  Spruce  Street,  with  a  subsidiary  trace 
near  Santa  Barbara  Road  (Figure  1). 

Lennert  and  Curtis  (1980)  also  used  the  concrete  slabs  in 
Spruce  Street,  just  south  of  Marin  Avenue,  which  have  been 
offset  in  a  right-lateral  sense.  They  mapped  a  trace  which 
passes  through  the  main  classroom  building  by  connecting 
several  data  points  to  the  south  and  the  offset  slabs  with  a 
straight  line.  Hoexter  and  others  (1982)  used  the  same  data 
point,  as  well  as  their  own  survey  of  the  Marin  Avenue  curb, 
but  also  conducted  a  meticulous  survey  of  other  distressed 
cultural  features  in  the  area.  They  mapped  a  sinuous  zone  of 
surface  creep  approximately  300  feet  wide,  at  Marin  Avenue 
extending  approximately  from  Santa  Barbara  Road  to  Spruce 
Street,  and  attributed  it  to  the  Hayward  fault.  The  eastern  edge 
of  this  zone  includes  the  western  portion  of  the  school  site, 
extending  approximately  60  feet  east  from  Spruce  Street  and 
north  from  Marin  Avenue  to  the  curve  where  Regal  Road 
intersects  Spruce.  Hoexter  and  Nelson  (1992)  note  that  all  or 
part  of  the  offset  displayed  by  the  concrete  slabs  and  curb  at 
Spruce  may  be  due  to  landsliding.  The  CDMG  has  revised  the 
Special  Studies  Zone  Map  that  shows  the  fault  location  from 
approximately  1,000  feet  west  of  Cragmont  School  (1974)  to 
300  to  400  feet  west  of  the  school  (1982). 

Exploratory  Trenching 

After  reviewing  the  results  of  previous  investigations  in  the 
area,  site  observation,  and  aerial  photography  review,  we 
investigated  the  presence  of  fault  traces  by  excavating  two 
trenches  along  the  southern  side  of  the  multipurpose  building 
(Figure  2). 

The  trenches  displayed  very  similar  patterns  of  rock  and  soil 
units.  In  both  trenches,  olive  brown  mudstonc,  probably  of  the 


Great  Valley  sequence,  was  the  dominant  bedrock  type.  The 
mudstone  was  typically  intensely  fractured  and  sheared,  of 
low  hardness,  friable,  and  deeply  weathered.  Bedding  was 
variable  where  apparent.  The  mudstone  is  overlain  by  two  to 
five  feet  of  residual  and  surficial  soil  which  is  covered  by  two 
to  seven  feet  of  fill.  Similar  rocks  and  relationships  were 
encountered  in  the  majority  of  the  borings.  In  Trench  2  and 
Borings  HLA-3  and  L&A-l,  2,  and  9,  serpentine  was  encoun- 
tered, and  is  inferred  to  extend  southeastward  from  the 
southeast  corner  of  the  multipurpose  building. 

At  the  eastern  end  of  both  trenches,  the  upper  contact  of  the 
mudstone  bedrock  was  sharp  and  dipped  down  to  the  south- 
east. In  Trench  2,  the  contact  is  a  planar  gray  clay  seam  with  * 
downdip  slickensides,  suggesting  landsliding.  The  clays  above 
these  sharp  contacts  are  of  various  colors  and  textures, 
frequently  with  rock  clasts  and  carbonate  concentrations.  The 
varied  nature  of  these  clays  suggests  that  they  are  landslide 
debris.  Boring  L&A-2  encountered  4  feet  of  fill  overlying 
landslide  debris  that  consisted  of  clayey  silt  with  rock 
fragments.  Serpentine  bedrock  was  encountered  at  a  depth  of 
31  feet. 

Summary 

No  indications  of  recent  faulting  were  observed  within  our 
trenches.  Consequently,  we  conclude  that  no  active  fault  is 
present  within  the  area  trenched  or  the  existing  building  sites. 
We  conclude  that  the  main  active  trace  of  the  Hayward  fault  is 
probably  immediately  west  of  Cragmont  School,  within  the 
Hayward  fault  creep  zone  mapped  by  Hoexter  and  others 
(1982). 

The  Euclid  landslide  crosses  the  most  southerly  portion  of 
the  site,  with  the  limit  of  the  presently  active  slide  mass  at  the 
location  shown  on  Figure  2.  This  part  of  the  slide  is  reportedly 
moving  about  one  inch  per  year,  extends  well  off  the  site,  and 
borings  have  shown  it  to  be  at  least  31  feet  deep  near  Marin 
Avenue. 

The  limit  of  past  movement  of  the  Euclid  landslide,  also 
shown  on  Figure  2,  roughly  parallels  the  limit  of  present 
movement  30  to  60  feet  to  the  northwest.  Evidence  of  this 
limit  of  past  slide  activity  was  clearly  seen  in  Trenches  1  and 
2.  The  limit  of  past  slide  activity  is  approximately  25  feet 
southeast  of  the  large  6-foot-diameter  support  column  beneath 
the  multipurpose  building. 

During  review,  the  CDMG  raised  two  main  concerns:  that 
the  actual  location  of  the  Hayward  fault  was  not  clearly 
defined,  thus  precluding  a  meaningful  setback;  and  that  the 
generally  poor  quality  of  the  rock  encountered  may  indicate 
the  entire  school  site  is  underlain  by  ancient  deep-seated 
landslide  deposits.  To  prove  the  location  of  the  Hayward  fault 
and  disprove  the  possibility  of  an  ancient  landslide  at  this  site, 
if  possible,  would  be  difficult  and  may  not  be  practical.  Sixty- 
six  years  after  Louderback  first  studied  the  area,  further 
investigation  is  currently  under  consideration  by  the  BUSD. 


1992 


PROCEEDINGS  OF  THE  SECOND  CONFERENCE 
ON  EARTHQUAKE  HAZARDS  IN  THE  EASTERN  SAN  FRANCISCO  BAY  AREA 


133 


CO 


c 
JS 

Q. 

0) 
CO 
CO 


134 


DIVISION  OF  MINES  AND  GEOLOGY 


SP  113 


si 


S 

z 

N 


1  •ill 

« 

"  V   10  T                     f» 

iii-s  0 

« 

o 

2<n*    J 

o 

*<  rt 

-      oc 

_J  ' 

\^— <^*^ 

go 

***t~^\ 

t^ 

1            \ 

"s 

£  1  2          \ 

£ 

5 

z 

e(l  III 

s 

CO 

T3 


I    I 


Oo 


3  s 


1992 


PROCEEDINGS  OF  THE  SECOND  CONFERENCE 
ON  EARTHQUAKE  HAZARDS  IN  THE  EASTERN  SAN  FRANCISCO  BAY  AREA 


135 


CO 

51 

CC    g 


2  I 


I 


0) 

•g 


I     I 


to 

■e 

TO 

Q. 

IT) 
0) 


<tr 


136 


DIVISION  OF  MINES  AND  GEOLOGY 


SP113 


HILLSIDE  SCHOOL 

Hillside  School  is  on  Le  Roy  Avenue,  between  Buena  Vista 
Road  and  La  Loma  Avenue,  in  Berkeley,  California  (Figures  1 
and  3).  The  school  is  about  halfway  up  the  moderate  western 
slope  of  the  Berkeley  hills,  with  on-site  elevations  ranging 
from  about  510  feet  to  about  580  feet  above  MSL.  Relatively 
small  cuts  have  been  made  just  east  of  the  main  building,  and 
small  fills  up  to  approximately  6  feet  placed  on  the  south  and 
west  sides.  One  permanant  building,  with  an  addition,  and  one 
relocatable  classroom  occupy  the  site. 

Previous  Work 

Woodward-Clyde-Sherard  and  Associates  (WCS)  conducted 
a  soil  investigation  for  an  addition  to  the  back  (eastern  side)  of 
the  main  Hillside  School  building  in  1963  that  included  two 
test  borings.  No  other  reports  for  the  main  building  or 
southern  portable  classroom  unit  could  be  located. 

Published  studies  have  mapped  the  main  trace  of  the 
Hay  ward  fault  at  locations  ranging  from  more  than  1,200  feet 
west  of  Hillside  School,  to  approximately  350  feet  east  of  the 
school  (e.g.,  Radbruch-Hall,  1974;  Smith,  1980;  Lennert  and 
Curtis,  1980;  Lienkaemper,  1992).  In  addition,  subsidiary  fault 
traces  have  been  documented  up  to  250  feet  west  of  the 
supposed  main  trace,  both  north  and  south  of  Hillside  School 
(Radbruch-Hall,  1974;  HLA,  1988,  unpublished  consultant's 
reports  for  UCB  Foothill  Housing  Project). 

The  CDMG  Special  Studies  Zone  Map  (1982)  shows  two 
possible  fault  locations  east  of  the  school,  the  closest  approxi- 
mately coinciding  with  La  Loma  Avenue,  which  runs  approxi- 
mately 75  feet  east  of  the  main  building.  CDMG  notes  that 
there  are  "massive  landslides"  in  the  area  and  that  fault 
location  is  "uncertain." 

Exploratory  Trenching 

On  the  basis  of  our  aerial  photography  review,  reconnais- 
sance, and  literature  research,  HLA  investigated  the  presence 
of  fault  traces  by  trenching  along  the  southern  and  western 
sides  of  the  main  building. 

In  general,  trenches  1,  2,  and  3  revealed  a  sequence  of  5  to 
10+  feet  of  dark  reddish  brown  fat  clay  containing  calcium 
carbonate  nodules,  overlain  by  2  to  5  feet  of  black  fat  clay 
surficial  soil  (Figures  4  and  5).  A  variety  of  sandy  and  silty 
clay  colluvium  underlies  the  reddish  brown  clay,  with  varying 
amounts  of  gravel,  cobbles,  or  boulders.  Trench  4  encountered 
a  more  complex  array  of  units  similar  to  those  in  the  other 
trenches.  Dr.  Glenn  Borchardt,  Pedochronologist,  character- 
ized the  soil  profile  in  Trench  1  and  estimated  the  age  of  the 
reddish  brown  clay  to  be  8,000  to  12,000  years  old. 

Shear  planes  were  encountered  in  all  four  trenches.  Com- 
monly, the  shears  strike  northwesterly,  with  moderate  to  steep 
dips  to  the  southwest  and  rare  striations.  In  Trench  1,  a  distinct 
shear  plane  displayed  an  apparent  vertical  offset  of  4.5  feet, 
with  striations  at  a  rake  of  50  to  60  degrees  to  the  northwest 
(Figure  4).  Trench  3  revealed  an  abundance  of  shears  from 


Station  110  to  Station  155  (Figure  5).  In  addition,  a  30-foot- 
long  section  of  the  east  wall  of  the  trench  caved  in  on  a 
distinct  planar  surface  trenching  approximately  N15W, 
dipping  60SW.  None  of  the  shears  penetrates  the  surficial  soil. 

Summary 

The  steep  eastern  part  of  the  site  is  underlain  by  a  variety  of 
rock  types  including  mudstone,  sandstone,  and  chert.  These 
bodies  of  rock  appear  to  be  surrounded  by  clay  and  this 
supposition,  along  with  the  variability  of  rock  types,  suggests 
past  landsliding,  faulting,  or  both. 

The  level  western  part  of  the  site  is  underlain  by  colluvial 
sandy  or  gravelly  clay  units  overlain  by  thick  reddish  brown 
and  black  expansive  soil  horizons.  The  colluvial  and  reddish  ' 
brown  clay  units  are  cut  by  numerous  shear  planes,  one 
showing  about  5  feet  of  apparent  vertical  offset  in  the  last 
8,000  to  12,000  years.  These  shears  consistently  strike 
northwesterly,  dipping  steeply  to  moderately  to  the  southwest, 
and  are  probably  faults. 

The  zone  of  shearing  and  trench  collapse  in  Trench  3  may 
represent  the  Hayward  fault,  as  shown  by  Lienkaemper  (1992) 
(Figure  2).  The  faults  revealed  in  Trenches  1  and  4  may  define 
a  subsidiary  fault  zone  extending  from  the  shears  in  Trench  3 
northwestward. 

CONCLUSIONS 

At  Cragmont  School,  trench  exposures  clearly  defined  past 
northern  limits  of  the  Euclid  landslide.  No  evidence  of  faulting 
was  apparent  in  the  trenches,  and  the  Hayward  fault  is  inferred 
to  be  west  of  the  school. 

At  Hillside  School,  numerous  shears  at  the  break  in  slope 
immediately  east  of  the  main  structure  may  represent  the  main 
trace  of  the  Hayward  fault.  A  subsidiary  zone  of  shearing  was 
exposed  west  of  the  school  structures. 

These  results  agree  in  general  with  maps  of  the  active  trace 
of  the  Hayward  fault  published  by  Radbruch-Hall  (1974)  and 
Lennert  and  Curtis  (1980).  The  results  agree  in  detail  with 
Lienkaemper  (1992),  who  had  access  to  this  data.  At  three 
sites  in  this  area  where  the  fault  has  been  studied  in  detail, 
Hillside  School,  the  Cragmont  School  vicinity,  and  UCB,  two 
active  traces  have  been  at  least  tentatively  identified.  Offset 
and  deformation  within  a  relatively  wide  zone  (100-300  feet) 
may  be  the  commom  mode  of  faulting  in  this  area  of  weak, 
variable  bedrock. 
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Use  of  Rock  Fragments  to  Locate  the  Active  Trace  of  the 
Hayward  Fault,  University  of  California,  Berkeley 

by 
Charles  L.  Taylor1 


ABSTRACT 

The  active  Hayward  fault  traverses  the  University  of  California  Berkeley  campus,  as  demonstrated  by 
published  data  (Borchardt,  1992),  geomorphic  features  (Williams  and  Hosokawa,  1992),  and  fault  creep 
(Burford,  1 987).  We  used  fault  creep  to  document  the  location  of  the  active  Hayward  fault  zone  at  the  University 
of  California's  Memorial  Stadium  in  Berkeley.  Based  on  studies  conducted  for  the  university's  Foothill  Student 
Housing  project,  we  concluded  that  the  active  fault  zone  extends  north  from  the  stadium,  east  of  Bowles  Hall, 
and  east  of  the  proposed  housing  structures,  then  continues  north  through  right-laterally  offset  Blackberry 
Creek,  which  is  found  at  the  end  of  Highland  Place  north  of  Hearst  Avenue. 

Studies  conducted  for  the  housing  project  identified  two  active  fault  traces,  an  eastern  and  western.  The 
western  fault  trace  was  identified  in  six  test  trenches;  the  eastern  trace  was  inferred  on  the  basis  of  geomorphic 
features,  trenching,  and  a  USGS  alinement  array.  As  exposed  in  the  trenches,  the  western  fault  trace  had  a  dip 
of  about  60  to  80  degrees  to  the  west,  cut  all  but  the  most  recent  colluvial  units,  and  generally  revealed  a  zone 
of  fault  planes  less  than  10  feet  wide. 

A  USGS  alinement  array  (XUB4)  was  located  in  the  vicinity  of  the  two  traces  (Burford,  1 987).  The  array  and  a 
creepmeter  were  installed  in  1983  across  a  likely  trace  of  the  Hayward  fault.  However,  the  array  crossed  neither 
of  the  traces  identified  in  the  trenches.  The  eastern  three  stations  along  the  array  exhibited  some  right-lateral 
bending,  but  the  easternmost  station  was  still  west  of  the  eastern  fault  trace.  The  array  showed  4.77  mm  of 
cumulative  movement  for  the  period  27  September  1983  to  16  June  1986  (Burford,  1987),  significantly  less  than 
the  expected  movement  along  the  Hayward  fault  for  that  period.  Therefore,  it  was  concluded  that  the  eastern 
fault  trace  was  located  east  of  the  alinement  array.  Both  fault  traces  project  across  roadways  to  the  north  and  to 
the  south,  but  no  conclusive  evidence  of  creep  is  reported. 

We  used  rock  fragments  in  colluvial  units  to  help  locate  the  active  western  fault  trace  and  to  estimate  the  ages 
of  the  colluvial  units.  Some  of  the  trenches  across  the  western  fault  trace  revealed  a  marked  difference  between 
the  types  of  rock  fragments  exposed  in  colluvial  units  on  either  side  of  the  trace.  Trenches  revealed  angular  to 
subangular  fragments  of  sandstone  and  shale  on  the  eastern  side  of  the  trace.  We  believe  that  the  source  of 
these  fragments  is  the  Cretaceous  rock  units  immediately  upslope.  The  units  on  the  west  side  of  the  western 
trace  contained  angular  to  subangular  fragments  of  Claremont  shale,  Leona  rhyolite,  and  a  red  volcanic  rock.  In 
several  of  the  trenches,  blocks  of  rhyolite  one  to  three  feet  in  diameter  were  found  in  the  colluvial  materials  50 
to  75  feet  southwest  and  downslope  of  the  western  fault  trace.  Excavations  farther  downslope  exposed  large 
blocks  of  Franciscan  complex  rocks  1  foot  in  diameter.  We  found  no  primary  source  for  these  fragments  uphill 
of  the  Foothill  site,  and  believe  that  the  blocks  and  fragments  did  not  derive  from  secondary  uphill  sources,  but 
rather  were  deposited  as  rock  falls  and  debris  flows  from  a  steep  rock  slope  on  the  east  side  of  the  fault. 

Buwalda  (1 929)  indicates  that  Strawberry  Creek  was  deflected  by  a  ridge  of  slope-base  deposits  that  con- 
tained Leona  rhyolite  and  Franciscan  complex  rocks,  whose  closest  source  was  Hamilton  Gulch  to  the  south. 
This  would  have  required  about  1400  feet  of  right-lateral  fault  motion  from  Hamilton  Gulch  (Williams  and 
Hosokawa,  1992).  At  a  slip  rate  of  10  mm/yr  on  the  Hayward  fault  (Working  Group,  1990),  the  Strawberry  Creek 
deflection  would  require  about  26,000  years. 


1  Geomatrix  Consultants  Inc.,  100  Pine  Street,  10th  Floor,  San  Francisco,  CA  94111 

139 


140 


DIVISION  OF  MINES  AND  GEOLOGY 


SP  113 


We  conclude  that  the  colluvial  materials  located  west  of  the  western  fault  trace  were  displaced  northward  by 
tectonic  movement  on  the  Hayward  fault  zone.  They  were  displaced  from  primary  rock  sources  south  of  Straw- 
berry Creek,  as  observed  at  other  locations  by  Buwalda  (1929).  Assuming  the  following  possible  source  areas 
for  the  blocks  and  fragments  of  rock,  the  approximate  fault  displacement  would  be:  1600  feet  -  Strawberry 
Creek,  2200  feet  -  ridge  south  of  Memorial  Stadium,  and  3300  feet  -  Hamilton  Gulch.  Based  on  an  average  fault 
slip  rate  of  10  mm/yr  (WGCEP,  1990;  Lienkaemper,  1992;  Lienkaemper  and  Borchardt,  1992)  and  the  distance 
from  possible  sources,  we  estimate  that  the  colluvial  units  containing  the  Claremont  shale  and  Leona  rhyolite  are 
at  least  50,000  to  100,000  years  old.  If  the  slip  rate  were  on  the  order  of  5  mm/yr  (Lienkaemper  and  others, 
1991),  the  age  of  the  colluvial  units  would  be  twice  these  estimates.  Thus  these  colluvial  units  probably  have 
been  exposed  to  hundreds  of  episodes  of  surface  faulting  along  the  adjacent  Hayward  fault.  This  observation 
provides  some  confidence  that  the  potential  for  surface  faulting  is  very  low  for  the  portions  of  these  units  that  are 
unfaulted. 

We  also  concluded  that  the  western  trace  appears  to  have  experienced  fairly  recent  movement.  The  units 
located  west  of  the  western  trace  and  containing  the  Claremont  shale  and  Leona  rhyolite  fragments  are  not 
covered  by  sandstone  and  shale  from  the  upslope  Cretaceous  units  (which  are  also  located  upslope  of  the  fault 
south  of  the  stadium).  This  suggests  that  the  western  surface  has  moved  opposite  the  eastern  surface  more 
recently  along  the  western  fault  trace,  and  that  the  western  fault  trace  may  have  experienced  fault  displace- 
ments larger  than  those  experienced  by  the  eastern  trace.  Is  it  possible  that  the  western  trace  is  the  primary 
fault  trace? 

The  use  of  characteristic  rock  fragments  to  assist  in  evaluating  faults  is  a  powerful  tool  for  locating  subsurface 
fault  traces,  for  evaluating  the  amount  of  fault  offset,  and  for  estimating  the  ages  of  colluvial  units.  One  advan- 
tage of  this  technique  is  that  it  can  make  use  of  borings,  which  require  less  area  and  can  extend  deeper  than 
conventional  trenching  equipment. 
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Hydrogeochemical  Measurements 
Along  the  Hayward  Fault 

by 

Chi-Yu  King1,  David  Basler1,  Theresa  S.  Presser1, 

William  C.  Evans1,  and  L  Doug  White1 


ABSTRACT 

To  search  for  earthquake-related  hydrogeochemical  changes,  we  began  in  1976  to  make  intermittent  measure- 
ments at  two  springs  in  Alum  Rock  Park  in  eastern  San  Jose  and  two  shallow  wells  in  eastern  Oakland  along  the 
Hayward  fault.  We  use  portable  instruments  to  measure  temperature,  electrical  conductivity,  and  water  level  or  flow 
rate,  and  take  water  samples  for  chemical  and  isotopic  analyses  in  the  laboratory. 

The  measured  flow  rate  at  Alum  Rock  Park  was  not  affected  significantly  by  the  seasonally-varying  rainfalls,  but 
showed  a  long-term  decrease  of  about  40  percent  since  1 987,  when  a  multi-year  drought  began  in  California.  It  also 
showed  several  temporary  increases  that  lasted  a  few  days  to  a  few  months  with  amplitudes  of  2.4  to  8.6  times  the 
standard  deviations  above  the  background  rate.  Five  of  these  increases  were  each  recorded  a  few  days  after  an 
earthquake  of  magnitude  5.0  or  larger  as  listed  below: 


Date 

Location 

Magnitude 

EpicentralDistance  (km) 

84-04-24 

Morgan  Hill 

6.2 

18 

86-03-31 

Mt.  Lewis 

5.7 

15 

88-06-13 

Alum  Rock 

5.3 

8 

89-04-03 

Alum  Rock 

5.0 

5 

89-10-17 

Loma  Prieta 

7.1 

40 

These  flow  increases  appear  to  be  induced  by  strong  seismic  shaking.  However,  two  other  flow  increases  were  not 
correlated  with  any  significant  earthquakes. 

The  waters  in  both  wells  in  Oakland  showed  seasonal  temperature  and  chemical  variations,  largely  in  response  to 
rainfall.  They  also  showed  some  clear  chemical  changes  unrelated  to  rainfall  in  1980  that  lasted  a  few  months;  these 
changes  were  followed  by  several  magnitude  4  earthquakes  50-80  km  away.  The  chemical  compositions  at  one  of 
the  wells  and  at  the  two  springs  also  showed  some  longer  term  variations  correlatable  with  the  five  listed  earth- 
quakes; these  correlations  suggest  the  possibility  of  a  common  tectonic  origin.  The  last  variation  at  this  well  occurred 
shortly  before  the  magnitude  5  Alum  Rock  earthquake  in  1989  about  54  km  away.  However,  no  other  hydrochemical 
changes  were  recorded  at  about  the  time  of  some  20  other  earthquakes  of  magnitude  4.0  or  larger  in  the  study  area. 
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The  Kensington  Asperity  Melange 

by 
Garniss  H.  Curtis1 


ABSTRACT 

A  bend,  concave  to  the  west,  of  approximately  6  degrees  in  the  strike  of  the  Hayward  fault  occurs  at  the  town 
of  Kensington,  just  north  of  Berkeley.    At  this  asperity,  blocks  of  Franciscan  semi-schists,  blue  schists,  ophiolrtic 
basalts,  fore-arc  keratophyres,  and  sandstone  occur  in  a  matrix  of  gouge  and  serpentine,  which  appear  to  have 
been  extruded  from  the  Hayward  fault  zone.  This  melange  crops  out  largely  at  and  west  of  the  active  Hayward 
fault  trace  in  Kensington  at  the  asperity,  although  some  melange  occurs  a  short  distance  to  the  east  of  the  active 
trace.  It  has  flowed  downhill  from  the  fault  for  more  than  a  km  into  the  eastern  part  of  the  City  of  El  Cerrito 
where  it  rests  on  deposits  of  coarse  conglomeratic  alluvium  derived  from  rocks  exposed  east  of  the  Hayward 
fault.  The  southern  limit  of  this  melange  is  at  the  northeastern  part  of  the  University  of  California  campus,  where 
it  buries  late  Pleistocene  stream  channels  cut  in  the  Hayward  fault  shear  zone  exposed  in  the  Lawson  Adit  near 
the  Hearst  Mining  Building.  The  northern  limit  of  the  melange  is  near  the  northern  edge  of  the  City  of  El  Cerrito. 
Radiocarbon  dates,  obtained  at  the  surface  of  the  melange  near  the  Lawson  Adit,  are  approximately  4  ka. 

Geomorphic  evidence  suggests  that  the  melange  is  of  Holocene  age.  The  distribution  of  rock  types  indicates 
that  the  melange  was  extruded  in  pulses,  probably  accompanying  major  earthquakes  on  the  Hayward  fault. 
Owing  to  the  bend  in  the  Hayward  fault  at  this  location,  a  low-pressure  zone  was  created  as  the  west  side  of  the 
fault  moved  relatively  north  with  respect  to  the  east  side.  None  of  the  rocks  in  the  melange  is  exposed  in  surface 
outcrops  for  a  distance  of  many  km  either  north  or  south  of  the  melange,  so  they  must  have  come  from  consider- 
able depth  along  the  fault  walls. 


'  Geochron  Center,  Institute  of  Human  Origins,  2453  Ridge  Road,  Berkeley,  CA  94709 
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Clastic  Dike  as  Evidence  for  a  Major  Earthquake 
Along  the  Northern  Hayward  Fault  in  Berkeley 

By 

Glenn  Borchardt1  and  Neal  Mace2 

ABSTRACT 


A  clastic  dike  discovered  in  a  trench  excavated  north  of  Bowles  Hall  at  the  University  of  California  is 
believed  to  have  formed  during  a  major  earthquake  along  the  Hayward  fault.  The  unique  gravel-filled  fissure 
may  have  formed  when  water-filled  fractures  beneath  the  site  were  compressed,  injecting  water  and  elutriated 
colluvium  toward  the  surface.  The  clastic  dike  extends  from  the  2-m  to  the  4.5-m  depth,  reaching  a  maximum 
width  of  15  cm  at  the  2.75-m  depth  on  the  northwest  wall  of  the  trench.  The  dike  was  absent  on  the  southeast 
wall  of  the  trench.  The  gravel  was  coated  with  clay  films  eluviated  from  the  A  horizon  of  a  paleosol  buried  by 
thinly  bedded  pond  sediments  after  1536  ±89  A.D.  Although  aseismic  creep  has  been  well  documented  on 
the  northern  segment  of  the  Hayward  fault,  and  although  the  M  6.8  event  of  1 836  is  generally  thought  to  have 
occurred  there,  this  clastic  dike  is  the  first  evidence  that  major  events  do  indeed  occur  on  the  northern 
Hayward  fault. 


INTRODUCTION 

The  WGCEP  (1990)  estimates  that  there  is  a  28%  probabili- 
ty of  a  major  earthquake  occurring  on  the  northern  half  of  the 
Hayward  fault  within  the  next  30  years.  However,  notwith- 
standing our  intuitive  feelings  and  the  extensive  documenta- 
tion of  aseismic  slip  (Lienkaemper  and  others,  1991;  Lien- 
kaemper  and  Borchardt,  1992),  no  subsurface  evidence  exists 
that  the  northern  half  of  the  fault  could  produce  major  ground- 
rupturing  earthquakes.  The  1836  event  that  we  quote  so 
widely  is  poorly  documented.  The  first  account  of  the  event 
was  not  even  printed  until  the  southern  part  of  the  fault 
ruptured  32  years  later.  The  Oakland  Daily  News  of  Novem- 
ber 10, 1868  reported  that  the  1836  earthquake  was  "felt  along 
the  foothills  from  San  Pablo  to  Mission  San  Jose.  There  were 
large  fissures  in  the  earth  [in  "Oakland  Valley"],  and  the 
shocks  must  have  been  much  heavier  than  those  we  have 
lately  experienced  (quoted  in  Louderback,  1947,  p.  43)."  In 
Louderback's  judgment,  rendered  more  than  a  century  after 
the  event,  "The  fissures  were  probably,  at  least  in  part,  fault- 
trace  phenomena  (p.  73)." 


The  1989  Loma  Prieta  earthquake,  however,  reminded  us 
that  Assuring  can  occur  at  great  distances  from  a  causative 
fault  and  that  it  may  have  nothing  to  do  with  actual  movement 
along  the  rupture  plane.  In  1989,  liquefaction  fissures  occurred 
over  90  km  (Borchardt,  1991c)  and  landslide  fissures  occurred 
over  8  km  from  the  epicenter  (Spittler  and  others,  1990). 
Without  adequate  descriptions  of  the  locations  and  types  of 
Assuring  that  occurred  in  the  1836  event,  we  cannot  be  sure 
that  the  earthquake  actually  occurred  on  the  Hayward  fault. 

Since  the  First  Conference  on  Earthquake  Hazards  in  the 
East  Bay  in  1982,  several  investigators  have  searched  for  evi- 
dence of  coseismic  ground  rupture  on  the  Hayward  fault.  At 
Tule  Pond  in  Fremont,  Williams  (1992)  found  offset  sedi- 
ments indicating  that  several  ground-rupturing  events  occurred 
on  the  southern  part  of  the  fault.  At  the  Fremont  Civic  Center, 
Borchardt  (1988a)  described  an  open  "fossil  fissure"  associat- 
ed with  a  gravel-filled  fissure  that  he  considered  likely  evi- 
dence for  ground  rupture  during  the  1868  event.  At  Point  Pi- 
nole in  Richmond,  however,  Borchardt 's  (1988b)  excavations 
uncovered  no  evidence  for  coseismic  surface  rupture  on  the 


'Soil  Tectonics,  P.O.  Box  5335,  Berkeley,  CA  94705. 

2Geotechnical  Consultants,  Inc.,  111  New  Montgomery  St.,  Suite  600,  San  Francisco,  CA 94106. 
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Figure  2.  Abridged  logs  of  the  northwest  walls  of  trenches  T-1 ,  T-2,  and  T-4  excavated  north  of  Bowles  Hall. 
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Table  1.  Description  of  Soil  Profile  No.  1  in  Trench  T- 1  at  the  northeast  corner  of  Bowles  Hall,  University  of  California,  Berkeley,  California. 
Abbreviations  and  definitions  are  given  in  Soil  Survey  Staff  (1951, 1975). 


Described  by  Glenn  Borchardt  on  August  1 ,  1991  at  station  24  in  the  northwest  wall  of  trench  T-1  at  about  37  deg.  52.5 
min.  north  latitude,  122  deg.  15  min.  west  longitude  and  about  134  m  elevation.  The  landform  is  a  sidehill  bench  consisting 
of  ponded  alluvium  over  yellowish  brown  (10YR5/4m,  6/4d)  sandstone  colluvium  with  rare  dark  reddish  brown  (2.5YR3/4m, 
5/4d)  weathered  sandstone  clasts  shed  from  the  hillside  to  the  east.  Mediterranean  climate  with  mean  annual  precipitation 
of  450  mm  (17.7  inches,  Oakland)  and  mean  annual  temperature  of  13.7°C  (56.7°F,  Oakland).  Slope  17%,  aspect  south- 
west. Well  drained.  Soil  dry  in  surface,  moist  in  subsoil  and  parent  material.  Neutral  throughout  the  profile.  Formerly 
grassland-oak  vegetation.  Water  table  presently  deep.  (The  description  of  each  horizon  is  identical  to  the  one  above  it 
except  where  noted  otherwise.) 


Horizon         Depth  Description 


ABtp  0-83  Dark  brown  (10YR3/3m,  5/2d)  gravelly  clay  loam;  very  coarse  strong  granular  to  crumb  structure; 

sticky  and  plastic,  friable,  and  very  hard;  few  medium  roots;  many  fine  constricted  random  irregular  imped  pores;  many  medium 
discontinuous  random  irregular  exped  pores;  many  moderately  thick  clay  films  in  pores  and  bridging  sand  grains  within  peds;  many 
angular  sandstone  clasts  to  10  cm;  contains  nails  and  pottery  mixed  with  intact  peds;  clear  smooth  boundary;  6.8/140/91  B202  (pH/ 
conductivity  in  uS/Sample  No.). 

2Bt  83-95  Brown  (10YR4/3m,  6/3d)  clayey  gravel;  loose  structure;  very  friable  and  slightly  hard;  many  very 

fine  to  coarse  pores;  common  moderately  thick  and  many  thin  clay  films  in  pores,  bridging  sand  grains,  and  coating  many  angular  and 
a  few  subrounded  saprolitic  sandstone  clasts  to  5  cm;  abrupt  smooth  boundary;  7.1/150/91B203. 

3C  95-103  Dark  brown  (10YR3/3m,  5/3d)  thinly  bedded  silt  loam  with  surface  layer  coated  with  very  pale 

brown  (10YR8/3m)  coarse  silt  and  very  fine  sand;  platy  structure;  slightly  sticky  and  slightly  plastic,  very  firm,  and  slightly  hard;  few  fine 
roots;  common  fine  continuous  vertical  and  horizontal  simple  tubular  pores;  few  thin  clay  films  coating  pores  and  fractures;  abrupt 
smooth  boundary;  6.9/320/91  B204. 

4C  103-108  Dark  grayish  brown  (10YR4/2m,  5/2d)  silty  clay;  massive  structure;  slightly  sticky  and  slightly 

plastic,  firm,  and  extremely  hard;  few  fine  to  medium  roots;  few  very  fine  to  fine  continuous  vertical  and  horizontal  simple  tubular  pores; 
few  thin  to  moderately  thick  clay  films  in  pores;  abrupt  smooth  boundary;  7.1/340/91B205. 

5C  108-1 1 5  Dark  brown  (10YR3/3m,  5/3d)  silt  loam  with  a  few  thin  interbeds  of  light  yellowish  brown  fine  and 

medium  sand;  massive  structure;  slightly  sticky  and  slightly  plastic,  very  friable,  and  very  hard;  few  very  fine  to  medium  roots;  few  very 
fine  to  fine  constricted  random  irregular  pores;  few  thin  clay  films  in  pores;  abrupt  smooth  boundary;  6.8/250/91  B206. 

6ABtb1  1 15-135  Very  dark  grayish  brown  (10YR3/2m,  5/2d)  gravelly  clay  loam;  fine  to  very  coarse  moderate 

granular  structure;  sticky  and  plastic,  friable,  and  very  hard;  few  very  fine  to  medium  roots;  many  very  fine  to  medium  discontinuous 
random  irregular  pores;  continuous  thin  and  common  moderately  thick  clay  films  in  pores  and  continuous  thin  clay  films  on  angular 
saprolitic  sandstone  clasts;  clear  smooth  boundary;  7.2/1 20/91 B207. 

7ABtb1  135-150  Dark  brown  (10YR3/3m,  5/3d)  clay  loam;  coarse  moderate  subangular  blocky  structure;  sticky 

and  plastic,  friable,  and  very  hard;  common  very  fine  and  fine  roots;  many  very  fine  to  medium  discontinuous  random  irregular  pores; 
many  continuous  simple  tubular  imped  pores;  common  thin  to  moderately  thick  clay  films  in  pores  and  on  ped  faces;  clear  smooth 
boundary;  7.0/350/91  B208. 

8Ab2  150-180  Very  dark  grayish  brown  (10YR3/2m,  5/2d)  clay  loam;  coarse  moderate  subangular  blocky 

structure;  sticky  and  plastic,  friable,  and  very  hard;  few  very  fine  roots;  many  very  fine  to  fine  constricted  random  irregular  pores;  very 
few  thin  clay  films  in  pores;  horizontally  and  radially  bedded,  fibrous  charcoal  at  surface  of  horizon  [Sample  No.  91 B21 6,  which  gave 
an  accelerator  mass  spectroscopy  age  (Lawrence  Livermore  Laboratory)  of  340+70  yr  B.P.,  which  yields  a  dendro-corrected  age  of 
1536+89  A.D.  (Robinson,  1988)];  diffuse  smooth  boundary;  6.9/330/91  B209. 

8Btb2  180-245  Dark  grayish  brown  (10YR4/2m,  5/2d)  gravelly  clay  loam;  medium  weak  angular  blocky  structure; 

sticky  and  plastic,  friable,  and  very  hard;  few  very  fine  roots;  many  very  fine  to  medium  constricted  random  irregular  pores;  common 
moderately  thick  clay  films  in  pores;  rare  finely  disseminated  charcoal;  diffuse  smooth  boundary;  7.0/300/91  B21 0. 

8BCtb2  245-270  Dark  brown  (10YR3/3m,  5/2d)  gravelly  clay  loam;  medium  weak  angular  blocky  structure;  sticky 

and  plastic,  friable,  and  very  hard;  few  very  fine  to  medium  roots;  many  very  fine  to  medium  constricted  random  irregular  pores;  few 
thin  clay  films  in  pores;  diffuse  smooth  boundary;  7.0/270/91  B21 1 . 

8CBb2  270-460+  Dark  brown  (10YR3/3m,  5/3d)  gravelly  clay  loam;  massive  to  medium  weak  angular  blocky 

structure;  sticky  and  plastic,  friable,  and  very  hard;  few  very  fine  to  medium  roots;  common  very  fine  constricted  random  irregular  pores; 
few  thin  clay  films  in  pores;  common  thick  brown  (7.5YR4/4m)  slickensided  clay  films  between  fractures  or  joints  in  saprolitic  sandstone 
between  440  and  460  cm;  massive  structure;  sticky  and  plastic,  friable,  and  slightly  hard  (sampled  separately  as  Sample  No.  91B217); 
bottom  of  exposure;  6.9/270/91  B21 2. 

[Clastic  dike  from  205  to  385  cm: 

Dark  grayish  brown  (10YR4/2m,  5/2d)  angular  and  subrounded  sandstone  gravel  with  rare  dark  reddish  brown  (2.5YR3/4m,  5/4d) 

weathered  sandstone  clasts;  loose  structure;  many  medium  to  very  coarse  continuous  random  irregular  pores;  many  moderately  thick 
clay  films  bridging  and  coating  sand  grains  and  clasts;  7.1/1 10  uS  (Sample  Nos.  91B213  [205-250  cm],  91B214  [250-300  cm],  91B215 
[300-350  cm]). 
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northern  part  of  the  fault.  Excavations  along  the 
mapped  fault  trace  in  a  tidal  marsh  at  Point  Pi- 
nole uncovered  no  discrete  evidence  for  offset 
in  saturated  sediments  as  old  as  1 .3  ka  (Bor- 
chardt,  1988b).  At  El  Portal  Elementary  School 
in  Richmond,  Ristau  (1990)  was  unable  to  find 
discrete  ruptures  in  soft  sediments  along  the 
creeping  trace  of  the  fault.  From  the  accounts  of 
the  1868  event  and  from  the  paleoseismic  evi- 
dence we  know  that  the  southern  part  of  the 
fault  produces  ground-rupturing  events.  In  this 
paper  we  describe  a  clastic  dike,  which  we  in- 
terpret as  the  first  clear  paleoseismic  evidence 
that  ground-rupturing  events  indeed  do  occur 
on  the  northern  Hayward  fault. 

GEOLOGY  OF  THE  CAMPUS 

The  University  is  located  along  the  western 
flank  of  the  Berkeley  Hills,  within  the  Coast 
Ranges  Province.  The  oldest  bedrock  units  in 
the  Berkeley  Hills  are  the  Franciscan  complex 
and  the  Great  Valley  sequence  of  Jurassic  to 
Cretaceous  age.  These  formations  are  overlain 
by  sedimentary  and  volcanic  rocks  of  Tertiary 
age  throughout  the  Berkeley  Hills. 

The  hillside  northeast  of  Bowles  Hall  is  un- 
derlain by  Cretaceous  sandstone  and  shale  that 
becomes  pervasively  fractured  and  sheared  near 
the  Hayward  fault  zone.  The  bedrock  directly 
behind  the  building  is  overlain  by  sandstone- 
derived  colluvium  and  shallow  landslides  (Kor- 
bay  and  Bergman,  1988). 

Fault  Behavior  on  Campus 

The  Hayward  fault  proceeds  through  Memo- 
rial Stadium,  crosses  Stadium  Rim  Way,  and 
passes  east  of  Bowles  Hall  where  it  bifurcates 
into  an  eastern  and  a  western  trace  (Figure  1). 
The  western  trace  was  found  in  six  trenches  just 
east  of  Stem  Hall  and  the  Greek  Theater  (Kor- 
bay  and  Bergman,  1988).  This  trace  offsets  col- 
luvial/debris-flow  materials  with  unique  litholo- 
gies  derived  from  drainages  along  the  fault  0.8 
to  5  km  to  the  southeast  (Taylor,  1992).  One 
trench  exposure  uncovered  a  soil  tongue  pro- 
jecting along  the  fault  break,  suggesting  that 
surface  soil  may  have  filled  an  open  fissure  pro- 
duced by  ground  rupture.  The  western  trace 
projects  toward  the  eastern  corner  of  Bowles 
Hall.  An  alinement  array  near  the  eastern  trace 
(Figure  1)  exhibited  4.8  mm  of  right-lateral 
creep  at  its  northeastern  end  between  Septem- 
ber 1983  and  June  1986  (1.7  mm/yr)  (Wilmesh- 
er  and  Baker,  1987).  A  creep  meter  near  the 
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Figure  3.  Detailed  log  of  clastic  dike  and  the  surrounding  soil  horizons  in 
the  northwest  wall  of  trench  T-1 . 
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Photo  1 .  Photo  of  the  clastic  dike  between  the  260  and  310  cm  depths. 


alinement  array  exhibited  6.6  mm  of  right-lateral  creep  between 
February  1984  and  October  1988  (1.3  mm/yr)  (Schultz,  1989). 

GEOLOGIC  AND  PEDOLOGIC  SETTING  OF 
THE  CLASTIC  DIKE 

Trenches  T- 1,  T-2,  and  T-4  were  excavated  to  determine  if  the 
western  trace  of  Bergman  and  Korbay  (1988)  extends  beneath 
Bowles  Hall,  which  is  scheduled  for  renovation  (Figure  1). 
Although  no  fault  shears  were  found,  the  trenches  do  provide 
cross  sections  through  a  sidehill  bench  in  sandstone  colluvium 
(Figure  2).  The  precise  age  of  the  colluvium  is  unknown,  but  the 
soil  development  within  it  appears  considerably  weaker  than  seen 
in  the  brown  modem  soil  (td  about  25  ky)  and  reddish  brown 
palcosol  (td  about  50  ky)  uncovered  in  excavations  near  Cowell 
Hospital  to  the  west  (Borchardt,  1991a;  Borchardt,  1992).  The 
development  is  stronger,  however,  than  in  the  A/C  soils  found 
about  240  m  to  the  northwest.  Those  soils  were  deemed  about  4 
ka  based  on  relative  development  and  the  age  of  soil  carbon  from 
the  base  of  the  A  horizon  (Korbay,  1988). 


The  profile  at  Bowles  Hall  is  actually  a  three-story  soil 
(Table  1;  Figure  3).  The  modern  soil  is  a  young  colluvial/ 
fill  unit  that  contains  metal  and  pottery  along  with  re- 
worked peds  that  are  bound  with  moderately  thick  clay 
films.  In  places,  delicately  bedded,  unweathered,  silty  pond 
sediments  can  be  recognized  at  its  base  (Figure  3,  Table  1). 
Beneath  this  is  an  incipient  paleosol  developed  in  a  ponded 
sediment/colluvium  mixture  which  apparently  was 
deposited  within  the  last  450  years  (Figure  3,  Table  1).  The 
rest  of  the  profile  is  dominated  by  the  paleosol  containing 
the  clastic  dike.  This  paleosol  has  a  30-cm  thick  A  horizon 
and  Bt  and  BCt  horizons  extending  to  depths  of  about  3  m. 
The  B  horizons  of  this  paleosol  have  medium  moderate 
angular  blocky  structure,  with  moderately  thick  clay  films' 
coating  pores  and  bridging  sand  grains. 

CLASTIC  DIKE 

The  distinctive  gravel-filled  fissure  or  "clastic  dike" 
(Newsom,  1903;  Youngs,  1980)  was  found  only  on  the 
northwest  wall  of  trench  T-l  (Figures  2  and  3).  The  dike 
extends  from  the  2-m  to  the  4.5-m  depth,  reaching  a 
maximum  width  of  15  cm  at  the  2.75-m  depth  (Table  1). 
The  material  in  the  dike  was  grain-supported,  angular  to 
subrounded,  and  dominated  by  1-cm  diameter  gravel 
(Photo  1;  Figure  4).  The  gravel  primarily  consists  of 
sandstone  clasts  that  are  dark  grayish  brown  (10YR4/2m), 
although  a  few  are  dark  reddish  brown  (2.5YR3/4m).  Both 
types  of  sandstone  are  found  in  the  surrounding  colluvial 
soil  in  similar  proportions  (Table  1).  The  gravel  was  coated 
with  clay  films  eluviated  from  the  A  horizon  of  the 
paleosol,  but  the  fabric  was  so  open  that  there  was 
extensive  room  for  additional  clay  deposition  between  the 
clasts. 

The  dike  was  absent  on  the  southeast  side  of  the  trench  a 
mere  75  cm  away.  Instead  of  becoming  wide  near  the 
surface,  as  do  soil  tongues,  gravitationally  filled  fissures, 
or  channel  fills,  the  clastic  dike  became  narrow  and  split 
into  two  thin  branches  (Figure  3).  The  dike  apparently  is  a 
water  escape  structure  (Lowe,  1975)  produced  either  by 
subterranean  injection  of  groundwater  or  liquefied  gravel. 

LIQUEFACTION 

The  liquefaction  of  gravel  during  earthquakes  is  rare. 
Liquefaction  generally  occurs  only  in  extremely  well 
sorted  sediments  having  median  particle  diameters 
between  2  and  0.02  mm  (Borchardt,  1991c,  p.  88).  Gravel 
was  said  to  have  liquefied  near  the  Russian  River  about  9 
km  from  the  San  Andreas  during  the  1906  earthquake 
(Lawson,  1908,  p.  191),  but  laboratory  analyses  of  gravelly 
samples  erupted  during  earthquakes  usually  shows  them  to 
be  dominated  by  sand  (e.g.,  Youd  and  others,  1985,  p.  74). 
Samples  of  our  clastic  dike  were  poorly  sorted  and  had 
bimodal  particle  size  distributions  (Figure  4).  Sample 
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igure  4.  Particle  size  distribution  of  material  from  the  clastic  dike  (see  Figure  3  and  Table  1  for  sample  locations). 


91B213,  from  the  top  of  the  dike  (Figure  3),  had  a  median 
diameter  of  3  mm.  Over  40%  of  the  sample  was  coarser  than 
the  material  that  normally  liquefies  during  earthquakes. 
Samples  91B214  and  91B215,  from  the  middle  of  the  dike, 
had  a  similar  coarse  fraction,  but  also  had  a  fine  fraction.  This 
fine  fraction  consisted  of  poorly  sorted  fine  sand,  silt,  and  clay 
similar  to  the  adjacent  undisturbed  colluvium  (sample 
91B212). 


There  are  other  problems  with  the  theory  that  the  clastic  dike 
formed  via  liquefaction.  Liquefaction  occurs  mainly  in  areas 
of  high  water  table.  Indeed,  areas  with  the  water  table  at 
depths  greater  than  10  m  are  considered  to  have  low  liquefac- 
tion potential  regardless  of  the  kinds  of  materials  present 
(Borchardt,  1991b).  Borings  in  the  area  were  dry  to  a  depth  of 
10  m  in  1987  (Korbay  and  Bergman,  1988).  The  soils  in  the 
upper  4  m  exposed  at  the  site  have  none  of  the  gray  or  olive 
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soil  colors  indicative  of  poor  drainage  (Table  1).  Furthermore, 
the  gravel  in  the  dike  is  not  as  well  rounded  as  one  might 
expect  for  alluvial  sediment,  the  usual  source  of  liquefiable 
material.  No  discrete  source  could  be  found  for  the  gravel 
despite  additional  trenching  to  the  southeast  and  northwest 
(trenches  T-2  and  T-4,  Figure  1).  Gravel  liquefaction  seems  an 
unlikely  mechanism  for  the  production  of  this  particular 
clastic  dike. 

GROUNDWATER  INJECTION 

The  clastic  dike  probably  formed  via  groundwater  injection. 
Groundwater  injection  was  a  prominent  feature  at  Chilly 
Buttes  during  the  M7.3  Borah  Peak,  Idaho  earthquake  of  1983 
(Waag  and  Lane,  1985).  Groundwater  erupted  directly  from 
fractures  in  bedrock  and  alluvium.  "The  surge  of  pressure 
which  caused  the  groundwater  eruptions  is  thought  to  have 
resulted  from  a  pore  water  pressure  increase  caused  by 
negative  dilation. ..in  the  hanging  wall  block  as  it  dropped 
(Waag  and  Lane,  1985,  p.  167)."  They  observed  open  fissures 
and  clastic  dikes  containing  materials  ranging  from  sand  to 
gravel. 

In  T-l  we  observed  small  open  fractures  (up  to  1  cm  wide) 
in  the  sandstone  blocks  at  the  bottom  of  the  trench  (Figure  2). 
Some  of  these  fissures  contained  pebbles  and  coarse  sand 
grains  and  all  had  clay  films  similar  in  color  and  thickness  to 
those  coating  the  gravels  in  the  clastic  dike.  One  of  these 
fissures  was  contiguous  with  the  clastic  dike  (Figure  2), 
indicating  that  the  sandstone  underwent  dilation  at  the  same 
time  that  the  clastic  dike  formed.  Any  sudden  earth  movement 
produces  zones  of  tension  and  compression  in  the  affected 
materials.  Thus  we  suspect  that  water-filled  fissures  at  depth 
were  compressed  during  a  major  earthquake,  causing  water  to 


be  erupted  through  new  or  existing  fissures  in  the  sandstone, 
and  possibly  entraining  sandstone  clasts  along  the  way.  Under 
high  pressure,  the  water  reached  the  colluvium,  tearing 
material  from  the  sidewalls  of  a  tiny  fracture  on  its  way 
toward  the  surface.  The  fracture  became  widened  and  all  but 
the  coarsest  material  was  ejected  onto  the  surface  of  the 
ground. 

It  is  remotely  possible  that  the  dike  was  formed  as  a  result  of 
landsliding.  A  12-m  thick  landslide  deposit  has  been  mapped 
immediately  east  of  the  site  (Korbay  and  Bergman,  1988). 
However,  as  of  1987  the  slide  was  completely  unsaturated  and 
showed  little  indication  of  having  had  a  permanent  high  water 
table  in  the  past.  We  found  no  evidence  for  landslide  move- 
ment in  any  of  the  excavations  at  the  site  (Figure  2). 

CONCLUSIONS 

The  clastic  dike  at  this  locality  most  likely  formed  by 
groundwater  intrusion  as  a  result  of  sudden  ground  movement. 
There  is  a  slight  possibility  that  the  gravel  dike  was  injected  as 
a  result  of  liquefaction  under  these  less  than  ideal  conditions. 
In  either  case,  the  causative  fault  would  have  had  to  be  nearby. 
The  ponded  sediments  overlying  the  clastic  dike  were 
deposited  in  two  distinct  episodes  during  the  last  460  years, 
possibly  following  major  earthquakes.  We  conclude  that  the 
clastic  dike  is  the  best  subsurface  evidence  so  far  obtained  of 
major  ground-rupturing  events  on  the  northern  half  of  the 
Hayward  fault. 
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Potential  for  Triggered  Slip  on 

Secondary  Faults  in  the  East  Bay: 

Implications  for  the  Planning  Process 


by 
David  F.  Hoexter1 


ABSTRACT 

Several  faults  capable  of  producing  damaging  earthquakes  occur  within  the  Eastern  San  Francisco  Bay  Area. 
Secondary,  or  splay  faults,  bifurcate  from  or  are  associated  with  these  primary  faults.  Although  the  primary  faults, 
such  as  the  Hayward  fault,  are  zoned  by  the  State  of  California  for  special  studies  under  the  Alquist-Priolo 
Special  Studies  Zones  Act,  the  secondary  faults  commonly  are  not  zoned,  owing  to  a  lack  of  substantiated 
evidence  of  Holocene  movement.  However,  a  survey  of  historical  earthquakes  documented  in  the  geologic 
literature  indicates  various  occurrences  of  triggered,  or  coseismic,  movement  on  splay  faults.  This  past  experi- 
ence not  only  indicates  the  potential  for  triggered  slip  on  secondary  faults  during  future  earthquakes  in  the  East 
Bay  (and,  by  extension,  elsewhere  within  the  State),  but  provides  a  framework  for  estimating  the  amount  of 
triggered  movement  which  can  be  anticipated  during  such  an  event. 

Based  on  the  above  information,  two  sites  along  or  adjacent  to  splay  faults  in  the  Hayward  fault  zone  were 
evaluated  for  the  potential  for  triggered  slip  (Figure  1).  Neither  investigation  was  required  under  provisions  of  the 
State's  Special  Studies  Zones  Act.  However,  the  proposed  structures  at  both  sites  were  intended  for  use  by  as 
many  as  several  hundred  persons  at  any  one  time  (i.e.  moderate  to  high  occupancy).  Both  studies  were  initiated 
because  of  property  owners'  concerns  for  fault  rupture  potential.  At  one  site,  a  projected  secondary  fault  was  not 
identified  in  subsurface  investigations.  At  the  second  site,  a  fault  shear  was  identified,  and  the  proposed  struc- 
tures were  relocated.  Although  not  required  by  provisions  of  the  Alquist-Priolo  Act,  the  investigations  were  both 
prudent  and  warranted. 


INTRODUCTION 

In  1990  and  1991,  we  conducted  geotechnical  investigations 
of  two  East  Bay  sites  intended  for  public  occupancy.  Both 
sites  are  located  within  or  near  the  vicinity  of  Alquist-Priolo 
Special  Studies  Zones  along  the  Hayward  fault.  One  site,  on 
the  University  of  California,  Berkeley  campus,  partially  lies 
within  the  Special  Studies  Zone  for  the  Hayward  fault, 
although  it  does  not  overlie  currently  active  creep  zones  or 
identified  fault  traces.  The  second  site,  located  in  the  vicinity 
of  the  City  of  Hayward,  is  situated  along  an  unnamed  splay 
fault  off  the  Hayward  fault,  and  does  not  lie  within  a  Special 
Studies  Zone.  Concerns  were  raised  about  the  potential  for 
ground  surface  fault  rupture  at  each  of  the  sites,  and  thus,  fault 
rupture  hazard  evaluations  were  conducted. 


Primary  movement  along  these  faults  was  not  an  issue. 
However,  there  was  concern  for  potential  ground  surface 
rupture  at  these  sites  due  to  the  potential  for  "sympathetic" 
("coseismic,"  or  "triggered")  slip  during  or  shortly  after  a 
rupture  event  on  the  Hayward  fault.  We  addressed  two  issues 
in  our  studies:  locations  of  the  fault  traces,  and  the  age  of  past 
movements  on  the  faults. 

Prior  to  our  subsurface  investigation  of  the  Berkeley  site,  we 
conducted  a  survey  of  literature  on  sympathetic  and  coseismic, 
as  well  as  triggered,  movements  on  secondary  faults  during  or 
immediately  following  earthquakes.  The  purpose  of  this 
survey  was  to  evaluate  the  occurrence  of  documented 
coseismic  or  triggered  slip  at  other  sites,  and  to  utilize  this 
information  to  evaluate  the  magnitude,  and  thus  the  signifi- 


1  Principal,  Hoexter  Consulting,  Inc.,  734  Torreya  Court,  Palo  Alto,  CA  94303. 
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Figure  1 .  Location  map  (from  Brown  and  Kockelman,  1983). 

cance,  of  secondary  surface  rupture  at  the  subject  sites.  We  did 
not  differentiate  between  secondary,  or  coseismic  movement 
of  a  branch  or  secondary  fault  within  or  adjacent  to  the 
causitive  fault  zone,  from  movement  triggered  within  one  fault 
zone  by  an  earthquake  originating  on  a  different  zone.  We 
surveyed  only  readily  available  information;  undoubtedly, 
additional  earthquake  rupture  events  and  data  are  documented 
in  the  literature.  Our  subsurface  investigations  were  guided  by 
the  results  of  the  secondary/triggered  slip  survey. 

BERKELEY  SITE 

Louderback  Shear  Zone 

The  first  of  our  two  studies  was  conducted  on  the  University 
of  California,  Berkeley  campus,  at  the  site  of  a  proposed 
structure  located  northwest  of  Memorial  Stadium.  The  site  is 
located  partially  within  the  Special  Studies  Zone  for  the 
Hayward  fault,  as  delineated  by  the  California  Division  of 


Mines  and  Geology  (1982).  A  clearly 
active  trace  of  the  Hayward  fault  is 
located  approximately  400  feet  east  of  the 
site.  However,  a  secondary  feature 
immediately  west  of  the  Hayward  fault, 
called  the  Louderback  shear,  or  trace, 
projects  southward  toward  the  subject  site 
(Figure  2). 

The  Louderback  trace  was  first 
identified  by  U.C.  Professor  George 
Louderback  in  the  Lawson  Adit,  1000 
feet  north  of  our  study  site  on  the 
Berkeley  campus.  Louderback  (1939  a,b) 
considered  the  shear  zone  to  be  an 
ancestral  branch  of  the  Hayward  fault, 
and  did  not  consider  it  to  be  potentially 
active.  Extensive  mapping  and  subsurface 
investigation  at  the  Foothills  Housing  site, 
in  the  vicinity  of  the  adit,  were  conducted  ! 
by  Harding  Lawson  Associates  (HLA) 
from  1986  to  1988. 

HLA  identified  near-surface  expres- 
sions of  the  Louderback  shear  in  trenches 
at  the  Foothills  site,  and  radiometrically 
dated  the  undisturbed  colluvial  soil 
horizon  above  the  shear  (HLA,  1988). 
The  radiometric  (C-14)  dates  limited  the 
latest  movement  to  not  less  than  2,970 
years.  However,  HLA  concluded  that  the 
Louderback  shear  was  not  active,  using  a 
criterion  of  11,000  years  to  define  fault 
activity.  This  conclusion  was  based  on 
HLA's  additional,  pedochronological 
evaluation  of  soils  formed  above  the 
shear,  and  was  disputed  by  some  review- 
ers of  the  HLA  investigation.  Ultimately, 
a  court  decision  was  required  to  resolve  the  dispute.  The  court 
found  that  the  preponderance  of  evidence  supported  the 
conclusion  that  the  Louderback  Trace  was  not  active. 

Estimating  Triggered  Slip  Movement 

Because  the  Louderback  shear  projects  toward  the  subject 
site,  and  the  shear  was  not  certainly  shown  to  be  inactive,  we 
undertook  an  evaluation  of  the  potential  for  surface  rupture  at 
the  subject  site.  This  evaluation  included  a  literature  survey 
that  yielded  23  measurements  of  or  reference  to  sympathetic 
or  coseismic  horizontal  slip  triggered  by  13  earthquakes  on 
primarily  strike-slip  faults  (Kaldveer  Associates,  1990; 
McClellan  and  Hay,  1990).  The  literature  search  is  summa- 
rized in  the  following  Table  1.  Primarily  strike-slip  (horizon- 
tal) offsets  on  the  secondary  faults  ranged  to  23  percent  of  the 
primary  fault  offset  in  the  15  measurements  we  considered 
applicable  to  the  evaluation.  This  data  is  summarized  in  the 
following  Table  2. 
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Figure  2.  Berkeley  site  vicinity.  Base  from  Radbruch-Hall  (1974).  Fault  locations  modified  by  D.  F.  Hoexter,  after  Radbruch- 
Hall. 


All  but  one  of  the  secondary  or  triggered  slip  measurements 
A'ere  less  than  20  percent  of  the  amount  of  primary  offset.  We 
jsed  this  value  (20  percent)  to  estimate  the  amount  of 
x>stulated  triggered  slip  at  the  site,  and  assumed  the  horizontal 
Dffset  in  the  maximum  probable  rupture  event  on  the  Hayward 
fault  to  be  three  feet  (Steinbrugge  and  others,  1987;  Toppoza- 
da  and  others,  1992).  Our  study,  and  the  value  of  three  feet, 


were  based  on  the  maximum  probable,  and  not  the  maximum 
credible  earthquake  event,  because  the  proposed  structure  at 
the  Berkeley  site,  although  intended  for  relatively  high- 
occupancy,  was  not  a  critical  structure,  such  as  a  nuclear 
facility,  dam,  or  hospital.  We  thus  calculated  maximum 
probable  horizontal  offset  from  triggered  slip  at  the  site  to  be 
0.6  feet.  Although  similar  documentary  data  for  vertical  offset 
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Table  1.   Preliminary  survey  of  strike-slip  earthquakes  i 

hat  caused  secondary 

or  triggered  slip. 

Earthquake,  Date, 
and  Fault 

Richter 
Magnitude 

Amount  of 
Primary  Offset 
(feet) 

Maximum  Length 
of  Sympathetic 
Rupture  (feet) 

Percent 
Triggered  Slip 
to  Primary  Slip 

Parkfield  6/27/66 
San  Andreas 

5.5 

0.58 
0.46 

0.08 
0.08 

14 
18 

Borrego  Mtn. 
4/19/68 
Coyote  Creek 

6.4 

1.25 

0.02 

1.6 

Guatemala 

2/4/76 

Motague 

7.5 

4.6 

0.16 
0.43 
0.66 
0.92 

3.5 
9.3 

14.3 

20 

Manix,  1947 

6.4 

0.25 

0 

0 

El  Centro 
5/18/40,  Imperial 

7.1 

19 

0.08 

0.4 

Imperial, 
10/15/89 
Imperial 

6.5 

1.97 

0 
0.45 

0 
23 

Superstition  Hills 
11/24/87;  Elmore 
Ranch  and 
Superstition  Hills 

6.2 
6.6 

0.43 
0.68 

significant 
afterslip 

Not  calculated 

San  Francisco, 
4/18/06, 
San  Andreas 

8.3 

20 

0.5 

4 

4 

2.5 
20 
20 

Northern 
Anatoly,  Turkey, 
1967 

7.0/7.1 

0.62 

"a  few 
centimeters 

not  tabulated 

Hayward,  1868, 
Hayward 

7.0 

3 

unknown 
(1.5  vertical) 

not  tabulated 

Loma  Prieta, 
10/17/89, 
San  Andreas 

7.1 

0 

0.5 

not  tabulated 

were  lacking,  we  postulated  one 
foot  of  vertical  offset,  based  on 
historical  data,  for  the  maximum 
probable  event  on  the  Hayward 
fault,  resulting  in  our  estimate  of 
triggered  vertical  slip  of  0.2  feet. 

Subsurface  Investigation 

The  data  from  the  literature  on 
potential  secondary  or  triggered 
offset  were  then  reviewed  by  the 
project  structural  engineers.    " 
Although  it  was  technically 
feasible  to  design  the  structure  tc 
withstand  the  potential  second- 
ary slip  ground  rupture,  this 
approach  would  have  added 
significantly  to  the  project  costs. 
Therefore,  a  subsurface  evalua- 
tion of  the  site  was  requested  by 
the  owner,  to  determine  if  the 
Louderback  shear  was,  indeed, 
present  at  the  site.  We  conducted 
an  extensive  subsurface  investi- 
gation, including  nearly  600  feet 
of  trenching.  We  encountered  a 
sequence  of  alluvial  and 
colluvial  soils,  which  we  dated 
by  pedochronological  methods. 
The  Louderback  shear  was  not 
identified  at  the  site,  and  the 
soils  were  assigned  ages 
significantly  greater  than  11,000 
years.  Thus,  it  was  concluded 
that  there  was  no  risk  of 
secondary  fault  rupture  at  this 
site. 


Table  2.   Summary  of  secondary 

and  triggered  slip  data. 

Percentage  of 

Number  of 

Primary  Fault  Offset 

Measurements 

Unclassified 

6 

0-5 

6 

5-  10 

1 

10-  15 

2 

15-20 

5 

>20 

1 

HAYWARD  SITE 
Unnamed  Fault 

The  second  site  is  located  in  a  shallow  valley  in  the  general 
vicinity  of  the  City  of  Hayward2.  An  unnamed  fault,  which 
diverges  from  the  Hayward  fault  and  is  coincident  with  the 
valley,  was  mapped  by  Dibblee  (1980)  based  on  bedrock 
relationships  (Figure  3).  There  are  no  surface  indications  of 
the  fault  at  the  site,  and  thus  its  existence  at  the  site  is  postulal 
ed.  It  is  not  zoned  by  the  Alquist-Priolo  program  for  Special 


?  Plans  for  this  project  have  not  been  completed.  Therefore,  client  and  site  confidentiality  have  been  requested. 
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Figure  3.  Hayward  site  vicinity.  Base  from  Radbruch-Hall  (1974).  Hayward  fault  location  by  D.  F.  Hoexter,  after  Radbruch- 
Hall;  Unnamed,  East  Chabot  and  West  Chabot  faults  from  Dibblee  (1980). 


Studies.  Nevertheless,  as  a  splay  off  the  Hayward  fault,  this 
feature  could  be  subject  to  triggered  movement  related  to 
primary  fault  rupture.  Two  other  nearby  faults,  the  East  and 
West  Chabot  faults,  exhibit  similar  tectonic  relationships,  and 
are  also  shown  in  figure  3.  These  two  faults  were  originally 
zoned  under  Alquist-Priolo,  but  were  subsequently  removed 
from  the  Hayward  Quadrangle  Special  Studies  Zones  map 
when  it  was  revised. 


Subsurface  Investigation 

Because  it  was  impossible  to  accurately  locate  the  postulated 
fault  at  this  site  without  subsurface  investigation,  we  excavat- 
ed a  trench  across  the  site.  In  this  trench  we  identified  a 
bedrock  shear  juxtaposing  differing  rock  types.  Although  there 
was  no  indication  of  fault  activity  within  the  overlying 
colluvial  soils,  we  observed  thinning  of  the  soil  profile 
overlying  the  shear  zone.  Further  study  would  have  been 
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required  to  determine  the  age  of  this  bedrock  feature  and  its 
relationship,  if  any,  to  the  mapped  "Unnamed"  fault.  Also 
needed  was  evaluation  of  the  thinning  of  the  overlying 
residual  soils  and  their  relationship  to  the  shear  (e.g.,  whether 
the  thinning  was  due  to  the  shear  or  to  other  plausible 
explanations  such  as  differential  weathering  of  the  two 
bedrock  types). 

Further  study  of  this  bedrock  feature  and  overlying  soils  was 
not  conducted.  Because  there  was  sufficient  space  within  the 
site  to  construct  the  proposed  development  with  a  setback 
from  the  shear  zone,  supplemental  investigations  were  not 
required.  Thus,  the  age  of  the  shear  and  its  relationship  to  the 
Unnamed  fault  and  the  Hayward  fault  were  not  established. 

DISCUSSION  AND  CONCLUSIONS 

The  two  sites  discussed  in  this  paper  are  typical  of  many 
along  the  Alquist-Priolo  Special  Studies  Zones  in  the  Eastern 
San  Francisco  Bay  Area.  They  illustrate  the  need  to  acknowl- 
edge the  potential  for  triggered  and  secondary  slip  on  second- 
ary faults  in  other  studies  of  fault  rupture  hazard,  particularly 
for  critical  or  high-occupancy  structures.  In  addition,  several 
East  Bay  faults  that  were  initially  zoned  have  not  been 
included  on  revised  Special  Studies  maps,  apparently  because 
those  faults  do  not  exhibit  documented  Holocene  rupture. 
These  unzoned  faults,  like  the  secondary  faults,  likewise  may 
be  capable  of  triggered  slip. 


Based  solely  on  its  historical  record,  the  Hayward  fault  is  a 
major  tectonic  feature,  and  probably  capable  of  producing 
earthquakes  of  sufficient  energy  release  to  cause  movement  on 
secondary  faults.  Some  municipalities  and  counties  in  the  Bay 
Area  require  rupture  hazard  evaluations  for  all  new  structures 
to  be  constructed  along  the  traces  of  these  secondary  faults, 
even  for  relatively  low  occupancy  buildings  and  areas  which 
have  been  extensively  developed.  However,  critical  and/or 
high-occupancy  structures  in  other  jurisdictions  continue  to  be 
constructed  across  or  within  the  immediate  vicinity  of  these 
secondary  faults.  There  is  no  concensus  within  the  geological 
profession  or  among  policy-makers  about  the  need  to  evaluate 
the  potential  for  triggered  rupture  on  these  faults.  With 
increasing  frequency,  the  need  for  such  investigations  may  be 
determined,  and  in  some  cases,  the  results  of  the  investigations 
interpreted,  by  the  courts,  as  occurred  with  the  Foothills 
Housing  project  in  Berkeley.  A  significant  amount  of  unneces- 
sary litigation  may  result.  Because  we  cannot  establish  that 
triggered  fault  rupture  will  not  happen  at  a  site,  we  should 
prudently  assume  that  it  might  occur.  In  the  opinion  of  the 
author,  a  comprehensive  policy  evaluation  of  this  potential 
earthquake  hazard  is  warranted,  possibly  resulting  in  a  range 
of  investigation  and  mitigation  requirements  depending  on  the 
intended  use  of  the  proposed  structure. 
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New  Evidence  of  Fault  Creep  on  a 

Second  Trace  of  the  Hayward  Fault, 

Montclair  Village  Area  of  Oakland,  California 


By 
Charles  L.  Taylor1 


ABSTRACT 

Since  1976,  active  fault  creep  has  been  recognized  along  a  trace  of  the  Hayward  fault  in  the 
Montclair  Village  area  of  Oakland,  California.  This  northwest-trending  trace  is  mapped  parallel  to, 
and  about  midway  between,  Mountain  Boulevard  and  Moraga  Avenue.  In  1987,  evidence  of  fault 
creep  was  identified  along  a  second,  more  westerly  fault  trace.  This  evidence  can  be  recognized 
along  a  linear  trend  located  a  few  tens  of  feet  east  of  Moraga  Avenue  from  about  800  feet  north  of 
Medau  Place  to  Thornhill  Drive,  a  distance  of  at  least  1000  feet.  This  new  evidence  of  fault  creep 
helps  refine  our  understanding  of  the  pattern  of  active  fault  traces  in  the  Montclair  area.  The 
evidence  also  may  prove  useful  in  better  understanding  the  pattern  of  active  faulting  to  be  expected 
elsewhere  along  the  Hayward  fault. 


INTRODUCTION 

Two  creeping  traces  (eastern  and  western;  see  Figures  1  and 
2)  of  the  Hayward  fault  are  mapped  as  traversing  the  Mont- 
clair Village  area  of  Oakland,  California  (Radbruch-Hall, 
1974;  California  Division  of  Mines  and  Geology,  1982;  Smith, 
1980;  and  Lienkaemper,  1992).  In  1976,  fault  creep  was 
identified  along  the  eastern  trace  (Figures  1  and  2).  This  trace 
traverses  the  commercial  area  of  Montclair  Village  between 
Moraga  Avenue  and  Mountain  Boulevard.  The  eastern  trace  is 
mapped  as  then  continuing  northward  along  the  east  side  of 
the  pond  at  Montclair  Playground  and  through  the  Montclair 
School  site.  North  of  Thornhill  Drive,  this  trace  is  mapped  as 
projecting  northward  to  Lake  Temescal  Regional  Park. 
Kaldveer  Associates  (1990)  recently  excavated  two  trenches 
along  this  eastern  trace  north  of  Medau  Place  (Figure  2). 

The  western  trace  is  mapped  as  trending  north  along  Moraga 
Avenue  (Figure  2).  This  trace  projects  northward  up  Moraga 
Avenue  to  Thornhill  Drive.  North  of  Thornhill  Drive  (off  of 
Figure  2),  the  western  trace  follows  the  west  side  of  Fernwood 
Drive,  runs  along  the  east  side  of  Glenwood  Glade,  and  enters 
the  intersection  of  Glenwood  Glade  and  Broadway  Terrace. 
The  late  Don  Tocher  (personal  communication,  about  1975) 


photographed  a  complex  bedrock  fault  trace  in  an  excavation 
performed  for  construction  of  the  service  station  at  the 
southeast  corner  of  this  intersection.  This  identified  trace  was 
located  near  the  western  end  of  a  cut  slope,  which  is  now 
covered  by  a  high  retaining  wall.  From  the  Glenwood  Glade/ 
Broadway  Terrace  intersection,  the  active  fault  trace  may  step 
left  to  Lake  Temescal  Regional  Park  and/or  continue  north 
along  Warren  Freeway. 

In  1987,  evidence  of  fault  creep  was  identified  along  this 
western  fault  trace  just  east  of  Moraga  Avenue  (Taylor,  1987). 
Evidence  includes  offset  of  a  retaining  wall,  damage  to  a  fire 
station,  and  offset  of  a  brick  patio  (Taylor  and  Lienkaemper, 
1992). 

EASTERN  FAULT  TRACE 

Observations  in  1976 

In  1976,  active  creep  was  recognized  along  a  fault  trace  that 
traversed  the  eastern  Montclair  Village  area  (Taylor  and 
others,  1979;  Woodward-Clyde  Consultants,  1976,  1977). 
Fault  creep  was  observed  on  Merced  Avenue  east  of  its 
intersection  with  Moraga  Avenue  (location  1,  Figure  2).  Right- 
lateral  offsets  of  both  curbs  on  La  Salle  Avenue  between 


1Geomatrix  Consultants,  100  Pine  Street,  10th  Floor,  San  Francisco,  CA94111 
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Note    For  explanation  of  symbols  and  abbreviations,  see  Lienkaemper  (1992),  or  Taylor  (1992) 


Figure  1    Locations  of  creeping  traces  of  the  Hayward  fault  and  reported  creep  evidence. 
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Moraga  Avenue  and  Mountain  Boulevard  also  were  observed 
(location  2,  Figure  2).  Evidence  of  fault  creep  also  was 
observed  in  a  small  grocery  store  on  the  south  side  of  La  Salle 
Avenue. 

Right  lateral  offset  was  reported  within  a  20-  to  30-foot- 
wide  zone  on  both  curbs  of  Medau  Place  (location  3,  Figure  2) 
midway  between  Moraga  Avenue  and  Mountain  Boulevard 
(Woodward-Clyde  Consultants,  1976).  This  creep  was  later 
reported  by  Smith  (1980)  and  Oakeshott  (1982a  and  1982b). 
At  that  time,  evidence  of  fault  creep  also  was  observed  at  the 
large  grocery  store  north  of  Medau  Place.  Evidence  included 
deformation  of  the  walls  of  the  building,  with  some  associated 
cracks,  and  noticeable  right-lateral  deformation  and  offset  of 
floor  tiles  along  a  narrow  zone  across  the  floor  of  the  store. 

Observations  in  1992 

Between  1978  and  1992,  the  evidence  for  fault  creep 
became  clearer  along  the  eastern  fault  trace,  which  traverses 
part  of  the  commercial  area  of  Montclair.  Alquist-Priolo 
studies,  which  were  conducted  for  many  properties  in  the  area, 
are  summarized  by  Taylor  and  Lienkaemper  (1992). 

Since  1978,  the  tile  floor  in  the  large  grocery  store  north  of 
Medau  Place  has  been  replaced.  No  evidence  of  fault  creep 
can  be  recognized  in  the  new  floor,  but  some  deformation  and 
cracks  can  be  seen  in  the  outside  walls.  Kaldveer  Associates 
(1990)  excavated  two  trenches  (Figure  2)  in  the  parking  lot  of 
the  large  grocery  store  for  a  proposed  shopping  center.  These 
trenches  revealed  a  5-  to  15-foot-wide  shear  zone  (Taylor  and 
Lienkaemper,  1992)  that  has  a  bearing  of  about  N37W  to 
N40W  (Kaldveer  Associates,  1990)The  curb  on  the  northwest 
side  of  Medau  Place  and  the  wall  on  the  south  side  of  the 
grocery  store  were  offset  about  3.7  to  4.0  mm/yr  (0.146  to 
0.158  inches/yr)  over  a  width  of  approximately  30  m  (98.4 
feet)  during  the  40  years  between  1948  and  1988  (Lienkaem- 
per and  others,  1991).  The  southeast  curb  along  Medau  Place 
was  offset  about  3.5  mm/yr  (0.138  inches/yr)  during  the  same 
period.  Both  curbs  of  La  Salle  Avenue  were  offset  about  3.9 
mm/yr  (0.154  inches/yr)  over  a  width  of  about  40  m  (131  feet) 
from  1950  through  part  of  1988  (Lienkaemper  and  others, 
1991).  The  small  grocery  store  on  the  southeast  side  of  La 
Salic  Avenue,  where  fault  creep  was  observed  in  1976,  has 
been  remodeled  into  several  commercial  shops.  The  work  is 
too  recent  to  display  evidence  of  creep. 

No  conclusive  evidence  of  fault  creep  has  been  reported  in 
the  playground  of  the  Montclair  School,  which  is  adjacent  to 
the  mapped  eastern  trace  (Figures  1  and  2).  This  suggests  that 
this  eastern  fault  is  not  located  as  mapped,  is  not  creeping,  or 
is  covered  by  fill  material  so  that  fault  creep  cannot  be 
recognized.  It  is  also  possible  that  the  fault  creep  is  being 
transferred  to  the  western  trace. 


WESTERN  FAULT  TRACE 

Lack  of  Reported  Fault  Creep  in  1976 

No  evidence  of  fault  creep  was  reported  on  the  western  fault 
trace  in  1976.  At  that  time,  the  trace  reportedly  was  located 
along  Warren  Freeway  or  Moraga  Avenue.  However,  a  survey 
conducted  by  the  City  of  Oakland  (City  of  Oakland,  1965) 
suggested  fault  movement  along  a  western  trace.  The  City 
established  survey  points  in  a  straight  line  along  the  center  of 
La  Salle  Avenue  from  a  point  west  of  the  Warren  Freeway  to 
the  intersection  of  Lucas  Avenue.  Although  the  individual 
points  were  destroyed  when  the  roadway  was  resurfaced,  a 
series  of  resurveys  was  made  to  detect  deflection  from  a 
straight  line  between  the  end  points.  Resurveys  through 
August  20,  1975,  suggested  that  the  area  west  of  Warren 
Freeway  may  have  been  displaced  to  the  north  about  0.06  feet 
(18.3  mm;  1.83  mm/yr)  during  the  period  1965  to  1975,  the 
most  significant  displacement  occurring  between  a  point  on 
the  La  Salle  Avenue  overpass  and  the  west  end  of  the  survey 
line.  The  measurements  do  not  reflect  the  actual  amount  of 
movement  because  the  end  points  of  the  survey  line  were  not 
located  accurately  with  respect  to  other  survey  points  in  the 
area.  The  present  data  suggest  that  the  most  active  creeping 
trace  is  east  of  the  La  Salle  Avenue  overpass. 

Fault  Creep  Identified  on  Western  Fault  Trace 

In  1987,  evidence  of  fault  creep  was  identified  along  a 
westerly  fault  trace  in  the  Montclair  area  (Taylor,  1987).  This 
evidence  (Figures  1  and  2)  is  seen  along  the  west  side  of  a 
prominent  linear  bedrock  ridge,  similar  to  a  pressure  ridge, 
located  between  the  two  fault  traces  (Radbruch-Hall,  1974). 

On  the  recent  Alquist-Priolo  Special  Studies  Zones  Map  of 
the  area,  this  zone  of  new  fault  creep  would  be  located  slightly 
east  of  the  fault  trace  mapped  along  Moraga  Avenue  (Figure  2; 
Smith,  1980).  The  linear  trend  of  the  fault  creep  is  a  few  tens 
of  feet  east  of  Moraga  Avenue,  from  about  800  feet  north  of 
Medau  Place  to  Thornhill  Drive,  a  distance  of  about  1000  feet. 
No  evidence  of  this  western  fault  trace  was  identified  in  the 
trenches  excavated  north  of  Medau  Place  by  Kaldveer  Assoc- 
iates (1990)  and  Purcell,  Rhoades,  and  Associates  (1985) 
(Figure  2).  Their  trench  extended  well  into  Moraga  Avenue. 
Evidence  of  fault  creep  (from  south  to  north)  includes 
questionable  left-stepping  en  echelon  cracks  across  an  asphalt 
driveway  along  the  west  side  of  the  Montclair  Recreation 
Center  Building  in  Montclair  Park  (location  4,  Figure  2); 
right-lateral  deformation  of  the  retaining  wall  on  the  north  side 
of  the  Montclair  tennis  courts  (location  5,  Figure  2);  damage 
and  deformation  to  the  fire  station  located  north  of  the  tennis 
court  on  the  east  side  of  Moraga  Avenue  (location  6,  Figure  2); 
questionable  en  echelon  cracks  in  the  driveway  to  several 
houses  located  along  the  western  base  of  a  steep  hill  front 
(location  7,  Figure  2);  and  classic  right-lateral  deformation  and 
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offset  of  rows  of  bricks  in  the  patio  of  a  house  located  about 
500  feet  south  of  Thornhill  Drive  (location  8,  Figure  2).  The 
above  observations  indicate  that  fault  creep  is  occurring  along 
the  western  recognized  trace  of  the  Hayward  fault  in  the 
Montclair  area  north  of  Medau  Place. 

Kaldveer  Associates  (1990)  reviewed  a  report  on  file  at  the 
City  of  Oakland  that  was  prepared  for  the  Montclair  Recre- 
ation Center  by  JCP  Engineers  (1979).  That  letter  report 
(without  trench  logs)  indicates  that  a  trench  excavated  for  a 
proposed  addition  to  the  Montclair  Recreation  Center  Building 
(Figure  2)  encountered  a  shear  zone.  According  to  Kaldveer 
Associates,  the  JCP  report  indicates  that  the  shear  zone  had  an 
east  trend,  but  the  Kaldveer  report  suggests  that  the  trench 
most  likely  was  oriented  east-west  and  that  the  shear  zone  was 
oriented  north-south.  Insufficient  data  are  available  regarding 
this  shear  to  conclude  whether  it  is  part  of  the  western  fault 
trace  or  is  a  step-over  to  the  eastern  trace.  However,  the 
presence  of  this  shear  certainly  supports  en  echelon  left- 
stepping  between  the  two  traces. 

CONCLUSIONS 

Tectonic  fault  creep  is  occurring  along  two  alignments  in  the 
Montclair  Village  area  of  Oakland.  New  evidence  of  fault 
creep  is  located  along  the  west  side  of  a  strong  topographic 
feature  and  adjacent  to  a  Holocene  fault  trace  previously 
mapped  as  part  of  the  Alquist-Priolo  Special  Studies  Zone 
(Smith,  1980;  CDMG,  1982).  Smith  identified  this  Holocene 
trace  solely  on  the  basis  of  aerial  photographs  and  field 
reconnaissance.  The  previous  mapping  of  this  trace  as 
Holocene  active,  and  the  subsequent  identification  of  fault 
creep,  increases  confidence  in  our  ability  to  locate  active  fault 
traces  within  a  highly  developed  area  based  on  older  air 
photos  and  field  reconnaissance  by  geologists  experienced  in 
identifying  and  evaluating  active  faults. 

In  the  Montclair  Village  area,  tectonic  fault  creep  is  occur- 
ring on  two  separate  and  independent  Holocene  traces  (eastern 
and  western),  or  the  creep  is  transferred  in  a  left  step  between 
the  two  traces. 


It  is  possible  that  unrecognized  fault  creep  is  occurring  on 
the  eastern  trace  north  of  Medau  Place  and  the  trenches 
excavated  by  Kaldveer  and  Associates  (1990)  (Figure  2). 
However,  no  evidence  of  fault  creep  has  been  identified  within 
the  Montclair  School  grounds  or  in  any  of  the  buildings. 
Another  possibility  is  that  the  fault  creep  steps  left  to  the 
western  trace.  This  interpretation  is  supported  by  the  presence 
of  a  linear  "pressure"  ridge  between  the  two  fault  traces 
(Radbruch-Hall,  1974).  This  western  trace  likely  continues 
north  as  several  en  echelon  traces  along  the  west  side  of 
Fernwood  Drive,  along  the  east  side  of  Glenwood  Glade, 
across  Warren  Freeway,  and  into  Lake  Temescal  Regional 
Park  (Figure  1). 

The  pattern  of  fault  creep  observed  in  the  Montclair  area  and 
elsewhere  along  the  Hayward  fault  suggests  that  the  broad 
fault  zone  may  contain  more  than  one  Holocene  active  fault 
trace.  This  may  be  especially  true  in  areas  of  shallow  bedrock, 
such  as  Montclair,  where  recurrent  faulting  creates  evidence 
that,  if  produced  by  a  less  active  fault,  would  be  buried  by  the 
area's  rapid  depositional  processes. 

Insufficient  data  are  available  regarding  the  shear  reported  in 
the  trench  excavated  south  of  the  Montclair  Recreation  Center. 
This  shear,  if  present,  could  be  a  part  of  the  western  fault  trace 
or  part  of  an  en  echelon  left  step-over  between  the  two  traces. 
If  creep  is  occurring  along  two  independent  traces,  it  would 
provide  an  opportunity  to  compare  the  short-term  creep  rates 
measured  at  the  surface  on  the  two  traces,  and,  with  trenching, 
possibly  to  compare  the  long-term  slip  rates.  Additional 
exploration  in  the  Montclair  area  could  assist  in  defining  the 
pattern  of  surface  faulting  to  be  expected  during  future  surface 
faulting  events. 
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ABSTRACT 

Since  1981 ,  the  authors  have  reviewed  48  reports  submitted  to  the  City  of  Oakland  in  compliance  with  the 
requirements  of  the  State  of  California's  Alquist-Priolo  Special  Studies  Zones  (APSSZ)  Act  which  requires  an 
investigation  into  the  surface  fault  rupture  potential  (Hart,  1992).  The  reports  dealt  with  projects  largely  for 
residential  construction,  but  including  commercial  and  recreational  facilities  as  well,  that  were  located  within 
the  Hayward  fault  zone,  an  active,  well  defined,  strike  slip  fault  that  has  relatively  good  geomorphic  expres- 
sion. Twenty  local  firms,  all  located  within  30  miles  of  Oakland,  produced  all  the  reports. 

Fault  investigation  techniques  have  remained  standard.  Visual  reconnaissance  on  either  a  site  or  areal 
level  (100%  of  reports)  is  most  frequently  used,  followed  by  airphoto  interpretation  (94%),  trench  logging 
(77%),  borings  (28%),  concurrent  geotechnical  investigation  (17%),  and  geophysical  surveys  (11%).  Fault 
traces  considered  active  or  capable  of  movement  were  located  in  21%  of  the  investigations,  and  30%  of  the 
reports  recommended  setbacks.  Consultants  currently  perform  more  original  work  and  rely  less  on  other 
reports  compared  to  earlier  years. 

The  number  of  reports  requiring  revisions  decreased  slightly  over  the  ten  year  period.  Overall,  one  quarter 
required  little  or  no  revision;  one  in  six  required  substantial  extra  work,  usually  new  or  additional  subsurface 
exploration.  Consultants  brought  in  another  registered  geologist  to  complete  the  report  process  in  three 
instances. 

Over  the  decade,  the  City's  report  requirements  have  eased,  to  more  closely  follow  the  State  APSSZ  Act. 
One  exception  is  a  report  requirement  for  otherwise  exempt  projects  located  within  100  feet  of  an  APSSZ 
mapped  fault  trace. 

Consultant  investigations  have  increasingly  involved  reviewers  early  in  the  investigation,  particularly  to 
observe  field  work.  This  is  likely  due  to  1)  prior  experiences  requiring  significant  report  revisions,  2)  more 
familiarity  with  the  reviewers'  expectations  and  investigative  approach,  3)  a  growing  knowledge  of  City 
requirements,  4)  lower  overall  report  cost  to  the  consultant  because  of  a  smoother,  more  expeditious  review, 
and  5)  the  shift  toward  larger  projects.  Involvement  of  the  reviewer  during  planning  and  subsurface  explora- 
tion is  a  welcome  trend. 


INTRODUCTION 

The  Alquist-Priolo  Special  Studies  Zones  (APSSZ)  Act  was 
enacted  in  1972,  and  amended  in  1974,  1975, 1976  and  1979. 
This  Act  initiated  requirements  prohibiting  the  development  of 
structures  designed  for  human  occupancy  across  the  trace  of 
active  faults,  in  order  to  avoid  damage  or  injury  due  to  surface 
fault  rupture.  Fault  traces  fall  under  these  requirements  if  they 
meet  certain  criteria:  they  must  be  sufficiently  active  and  well 
defined,  they  must  break  the  surface,  and  are  generally 
relatively  vertical  faults  such  as  strike  slip,  normal  and  reverse 
faults.  Thrust  faults  are  not  frequently  zoned  because  they 
don't  often  break  the  surface  (Hart,  1992). 


Since  1975,  when  the  first  reports  pursuant  to  the  APSSZ 
were  prepared,  approximately  140  reports  have  been  submit- 
ted to  the  City  of  Oakland.  During  the  first  decade  (1975- 
1985),  a  large  number  of  consultants  reviewed  reports 
submitted  to  the  City.  Beginning  in  1986,  the  City  retained  one 
consulting  firm  for  AP  reviews,  and,  as  a  result,  the  review 
process  became  a  standardized  procedure  for  all  reports.  Most 
of  the  reports  reviewed  were  for  single  family  wood  frame 
dwellings;  however,  apartment  buildings,  recreational 
facilities,  retail  and  office  properties  were  also  included.  A 
total  of  48  reports,  produced  from  1981  to  1991,  and  repre- 
senting 34%  of  the  reports  submitted  to  the  City  of  Oakland  to 
date,  are  the  subject  of  this  paper.  The  reports  are  summarized 
in  Table  1. 


'Geo/Resource  Consultants,  505  Beach  Street,  San  Francisco,  CA  94133 
2REG  Review,  6555  Oakwood  Drive,  Oakland,  CA  94611 
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Table  1.   Oakland  fault  reviews. 


Year  of 

Location 

Investigative 

Trench 

Aerial 

Fault 

Setback 

Revisions  ; 

Report- 

(Street  and  nearest  intersection) 

Techniques 

Log 

Photos 

Found 

Review 

GR 

T 

B 

GP 

R 

Quality 

81-81 

98th/MacArthur 

X 

X 

2+ 

'47 

N 

N 

1a 

80-81 

Stearns/94th                                           x 

X 

X 

NA 

'47 

N 

N 

1b 

81-81 

Peralta  Oaks  Ct/Dr 

X 

X 

X 

2 

'39 

N 

N 

1a 

81-81 

Cochran/Sheridan 

X 

NA 

'50 

N 

N 

0 

81-81 

Frye/Rettig                                                x 

X 

X 

NA 

'50 

N 

N 

0 

81-82 

Outlook/72nd 

X 

X 

3 

70 

Y 

Y 

1a 

81-82 

Golf  Links/Flintridge                                x 

X 

X 

2 

'68 

N 

N 

1b 

82-82 

Golf  Links/Mountain 

X 

X 

2 

'58 

Y 

Y 

1b 

83-83 

Simson/Altamont 

X 

X 

2 

'50 

Y 

Y 

1b 

84-84 

Simson/Altamont 

X 

NA 

'50 

Y 

Y 

1a 

84-85 

Mills  College 

X 

X 

X 

3 

'39NR 

N 

N 

1b      * 

85-85 

Bishop  O'Dowd 

X 

X 

NA 

'39 

N 

N 

1b 

85-86 

Ney/Parker 

X 

NA 

'74 

N 

N 

NCc 

85-86 

Antioch/Mountain 

X 

X 

2 

'47 

N 

N 

1b 

85-86 

Merced/Mountain 

X 

X 

X 

2 

'59 

N 

N 

1b 

86-86 

Seminary/Oakdale 

X 

X 

2+ 

'39 

N 

N 

1c 

86-86 

Claremont  Hotel 

X 

X 

X 

2+ 

Nl 

Y 

Y 

1b 

86-86 

Shepherd  Cyn/Snake 

X 

X 

NA 

'39 

N 

N 

1b 

87-87 

Ney/EI  Monte 

X 

X 

2 

'50 

N 

N 

1b 

81 ,  88,-88  Buena  Ventura/Simson                            x 

X 

X 

2- 

Nl 

N 

N 

2c 

88-88 

Monterey/Redwood                                 x 

X 

2 

NR 

N 

N 

1b 

88-88 

Sheridan/Agnes 

X 

NA 

'39 

N 

N 

1b 

88-88 

Mountain/Scout 

X 

X 

X 

'47 

N 

Y 

0 

88-88 

Redwood/Aliso 

X 

X 

2 

'47 

Y 

N 

NCa 

79,87-88 

Mattis  Ct 

X 

X 

2- 

'47 

N 

N 

1c 

88-89 

Monterey/Norton 

X 

X 

2- 

NR 

N 

N 

1c 

89-89 

Mountain/Mountain                                  x 

X 

X 

X 

2- 

'50 

N 

N 

1b 

89-89 

Castlewood/Oak  Knoll 

X 

X 

2 

NR 

Y 

Y 

o 

89-89 

Bentley  School 

X 

X 

2 

'66 

N 

N 

1b 

89-89 

Mormon  Temple 

X 

NA 

Nl 

N 

N 

1b 

79,84-89 

Monterey/Leimert 

X 

X 

X 

X 

2 

'53 

N 

Y 

1b 

89-89 

Sheridan/Florence 

X 

X 

|x 

2 

'50 

N 

N 

1a 

87-89 

Ney/Parker 

X 

X 

X 

2 

'50 

N 

N 

1b 

89-89 

Golf  Links/Castlewood 

X 

X 

NA 

'39 

N 

Y 

0 

89-90 

Sunkist/Michigan 

X 

X 

3 

'39 

N 

N 

1c 

89-89 

73rd/Sunkist 

X 

X 

3 

'39 

Y 

Y 

1b 

89-89 

Fair/Huntington 

X 

NA 

'39 

N 

N 

2b 

89-89 

Sheridan/Cochrain 

X 

X 

2+ 

'39 

N 

N 

1b 

83-91 

Revere 

X 

X 

1 

'39 

N 

N 

3NCc 

89-90 

Observatory/Mountain 

X 

X 

2+ 

'39 

N 

Y 

1b 

86-90 

Cunningham/Davenport 

X 

X 

2 

'50 

Y 

Y 

1b 

90-90 

Frye/Maple 

X 

NA 

'39 

N 

N 

0 

90-90 

Mountain/Guido                                       x 

X 

X 

X 

2- 

'39 

N 

Y 

0 

90-90 

Mountain/Rusting 

X 

X 

X 

2- 

'39 

N 

N 

1c 

87-90 

Cumberland/Parker                                 x 

X 

X 

X 

X 

3 

'39 

N 

N 

1b 

90-91 

Mountain/Medeau 

X 

X 

3 

'39 

Y 

Y 

1b 

91-91 

Griffin/Mountain 

X 

X 

2 

'39 

N 

N 

1b 

90-91 

Mountain/Guido                                       x 

X 

X 

X 

2- 

'39 

N 

Y 

0 

GR  -  Geotechnical  Engineering  Report  concurrent 

T  -  trenching  excavated 

B  -  borings  drilled 

GP  -  geophysical  methods  used 

R  -  site  and  area  reconnaissance 

Trench  Log  Quality  -  1)  poor,  2)  moderate,  3)  good 

Aerial  Photos  -  earliest  year  interpreted 

Revisions  -  number  and  quality  a)  minor  revision,  b)  moderate,  c)  significant 


NA  -  not  applicable 
NC  -  not  completed 
NR  -  not  referenced 
Nl  -  not  investigated 
Y  -  yes 
N  -  no 


1992 


PROCEEDINGS  OF  THE  SECOND  CONFERENCE 
ON  EARTHQUAKE  HAZARDS  IN  THE  EASTERN  SAN  FRANCISCO  BAY  AREA 


167 


Before  1991,  specific  regulations  of  the  City  of  Oakland 
(Chapter  2,  Article  8  of  the  Oakland  Municipal  Code)  that 
defined  projects  requiring  reports  were  somewhat  more 
stringent  than  those  of  the  APSSZ.  The  differing  regulation  of 
most  significance  was  that  for  "new  structures,"  defined  as 
"any  structure  hereafter  erected,  or  when  the  cost  of  additions, 
alterations  or  repairs  within  a  12  month  period  would  exceed 
50%  of  the  replacement  value  of  an  existing  structure  or 
$25,000,  whichever  is  smaller."  In  addition,  there  were 
specific  map  and  report  requirements  that  applied  to  all 
geologic  reports.  Some  of  these  requirements  specified 
minimal  content,  such  as  a  cross  section;  however,  most  were 
non-technical  in  nature,  such  as  scale,  contour  interval, 
depiction  of  utilities  and  property  boundaries,  and  geologist's 
statement. 

In  1991,  the  City  of  Oakland,  responding  to  pressure  from 
homeowner  associations,  the  Association  of  Realtors,  and  the 
Chamber  of  Commerce,  among  other  community  groups, 
modified  the  requirements  for  geologic  reports.  However,  they 
retained  the  same  requirements  for  map  and  report  contents 
(Chapter  2,  Article  8  of  the  Oakland  Municipal  Code). 

Most  changes  involve  the  addition  or  modification  of 
definitions  and  applicable  report  requirements.  The  City  now 
distinguishes  between  new  structures,  and  alterations, 
additions  and  replacements.  For  new  structures,  the  exemp- 
tions match  APSSZ  requirements,  with  the  exception  that 
otherwise  exempt  structures  on  properties  that  are  located 
within  100  feet  of  a  potentially  active  fault  as  shown  on  the 
SSZ  maps  or  as  located  in  the  field,  require  an  investigation. 

Requirements  for  structures  undergoing  major  alterations  or 
additions  are  essentially  the  same  as  the  APSSZ  Act,  except  no 
report  is  required  if  the  changes  do  not  exceed  50%  of  the 
value  within  any  12  month  period.  The  City  no  longer  requires 
reports  for  the  replacement  of  structures  damaged  or  destroyed 
by  disasters  unrelated  to  fault  hazards.  This  situation  is  not 
addressed  directly  in  the  APSSZ  Act.  Section  2621.8  does 
refer  to  alterations  and  additions  whose  value  does  not  exceed 
50%  of  the  value  of  the  structure. 

Implementation  of  the  City's  changes  has  occurred  through 
development  and  adoption  of  an  amendment  modifying 
Article  8.  It  has  not  been  presented  to  the  public  as  an  intact 
document.  Consequently,  it  is  somewhat  unclear  whether  or 
not  a  report  is  required  for  any  particular  parcel.  Determina- 
tion is  currently  up  to  the  discretion  and  interpretation  of  the 
employees  of  the  City  of  Oakland  Engineering  Services  and 
Plan  Checking  Departments. 

With  the  exception  of  home  replacement,  the  new  regula- 
tions, overall,  would  seem  to  provide  increased  consumer 
protection  from  surface  fault  rupture  beyond  that  required  by 
the  state  due  to  the  requirement  for  reports  for  properties 
located  within  100  feet  of  a  mapped  fault.  However,  protection 
is  limited  by  the  accuracy  of  fault  traces  presented  on  APSSZ 
maps  (1 "  =  2000'),  and  their  transfer  to  1 "  =  200'  scale  parcel 


maps.  The  accuracy  of  the  100  foot  wide  zone  is  compromised 
by  the  small  scale  of  AP  maps,  the  fact  that  locations  of  fault 
traces  are  based  principally  on  aerial  photo  interpretation  with 
limited  surficial  ground  checking  or  trench  logging,  and  that  in 
some  locations  the  Hayward  fault  has  been  observed  in 
trenches  as  a  zone  of  shearing  as  much  as  100  feet  wide.  The 
transfer  of  information  on  AP  maps  to  much  larger  scale 
parcel  maps  by  the  City  of  Oakland  implies  a  more  significant 
level  of  detail  than  is  justified,  and,  thus,  may  be  misleading. 
In  addition,  active  fault  traces  have  been  identified  in  only 
about  10%  of  all  reports  submitted  (City  of  Oakland,  1990). 
The  overall  lack  of  field  located  traces  of  the  Hayward  fault 
and  the  subsequent  lack  of  detailed  information  has  thus  added 
little  refinement  to  fault  location  on  the  City  maps. 

INVESTIGATION  TECHNIQUES 

Fault  evaluation  reports  submitted  to  the  City  of  Oakland  are 
overwhelmingly  the  product  of  local  geotechnical  firms.  Sixty 
percent  of  the  reports  were  produced  by  four  firms.  The 
remaining  40%,  or  nineteen  reports,  were  produced  by  sixteen 
other  firms.  All  reports  were  developed  by  geological/ 
geotechnical  firms  located  within  30  miles  of  Oakland,  and  all 
but  4  of  these  were  located  within  15  miles.  The  firm  most 
distant  from  the  City  also  produced  the  report  requiring  the 
most  revisions. 

The  standard  investigation  method  for  evaluating  surface 
fault  rupture  hazards,  as  suggested  in  California  Division  of 
Mines  and  Geology  Note  49  (CDMG,  1975),  was  not  uni- 
formly followed.  Site  reconnaissance  was  either  described  or 
alluded  to  in  every  report,  although  most  reports  did  not 
specify  the  level  of  reconnaissance  effort.  Many  investigators 
did  not  look  beyond  site  boundaries  to  perform  an  areal 
reconnaissance  of  the  general  vicinity  in  spite  of  sometimes 
readily  observable  evidence  of  active  creep  and  distress  to 
cultural  features  near  the  site. 

An  accepted  procedure  for  aerial  photo  reconnaissance  of  an 
urbanized  site  is  to  review  the  earliest  available  photographs  to 
attempt  to  view  the  site  prior  to  disturbance  of  the  natural 
landscape  by  development.  The  earliest  readily  available 
stereo  paired  aerial  photographs  are  those  taken  in  1939  by  the 
U.S.  Department  of  Agriculture  at  a  scale  of  approximately 
1:24,000,  or  one  inch  equals  2000  feet.  These  photos  are 
available  at  the  principal  geological  libraries  in  the  Bay  Area 
and  are  readily  available  and  inexpensive  when  purchased 
from  the  National  Archives.  Although  nearly  all  reports 
described  air  photo  interpretation,  only  about  one-third  made 
use  of  the  1939  photographs.  Four  authors  acknowledged 
using  exclusively  photos  dated  after  the  mid  1960's. 

There  is  currently  no  widely  used  standard  for  presentation 
of  subsurface  information  in  trench  logs,  although  many  firms 
have  their  own  in-house  standards.  Trench  logging,  performed 
during  77%  of  the  investigations,  was  of  marginal  quality  as 
presented  in  most  reports.  Guidelines  similar  to  those  in  the 
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CDMG  "Note"  series  would  be  helpful  in  developing  a 
universal  standard  of  quality  for  presentation  of  trench  log 
data.  Open  trenches  are  occasionally  available  for  observation 
by  reviewers.  This  is  very  helpful  to  the  review  process,  and  is 
encouraged. 

Exploratory  borings  and  geophysical  techniques  are  used 
less  frequently.  Approximately  one  quarter  of  the  investigators 
drilled  borings.  Thirty-eight  percent  of  those  were  for  concur- 
rent geotechnical  investigations.  In  most  instances,  borings 
were  drilled  to  aid  in  determining  trench  locations  or  for 
ground  checking  the  results  of  seismic  surveys.  However, 
occasionally  they  were  used  to  look  for  different  bedrock  units 
as  indicators  of  fault  displacements.  For  those  investigations 
with  concurrent  geotechnical  work,  the  borings  were  drilled 
principally  for  the  determination  of  soil  properties.  Geophysi- 
cal techniques,  primarily  seismic  refraction,  were  used  in  only 
11%  of  all  investigations.  Six  percent  used  geophysical 
methods  exclusively.  Geophysical  surveys  were  used  when  the 
surface  soils  had  been  excavated  or  in  locations  where 
excavation  of  a  backhoe  trench  would  have  been  either  cost 
prohibitive  or  unsafe,  or  both.  Geophysical  surveys  have  been 
successful  at  locating  anomalies,  which  have  either  been 
investigated  further,  or,  more  conservatively,  were  assumed  to 
represent  active  fault  features,  and  a  setback  distance  was 
recommended.  Geophysical  surveys  alone  can't  determine  the 
activity  of  a  fault. 

Ninety-three  references  were  listed  in  the  48  reviewed 
reports,  covering  a  wide  range  of  subjects  and  publication 
dates.  Of  these  publications,  only  eleven  were  published  after 
1981,  and  seven  were  field  trips  or  papers  presented  at  the 
1982  Conference  on  Earthquake  Hazards  in  the  Eastern  San 
Francisco  Bay  Area.  Of  the  fifteen  documents  most  commonly 
used,  at  least  half  were  published  in  the  late  1960's  and  early 
1970's,  and  many  of  those  are  included  in  the  Basic  Data 
Contribution  series  by  USGS  and  HUD.  What  may  appear  to 
be  a  reduced  effort  at  exhaustive  recent  research  may  be,  in 
part,  a  lack  of  recent  publications  on  the  Oakland  hills  area. 
All  but  one  of  the  15  common  references  were  specific  to  the 
immediate  Oakland  area. 

Thirty  percent  of  the  reports  recommended  building  setback 
zones,  though  evidence  that  an  active  or  "capable"  fault 
existed  on  only  21  percent  or  10  of  the  sites  investigated.  The 
origins  of  individual  setback  lines  were  variable.  Frequently, 
setbacks  were  from  the  fault  trace  as  defined  in  the  field.  If  no 
fault  traces  were  exposed,  setbacks  provided  a  way  of 
showing  reasonable  caution  when  the  nature  of  subsurface 
conditions  or  the  limits  of  exploration  did  not  allow  examina- 
tion of  in-situ  native  materials.  In  such  a  situation,  the  setback 
was  generally  set  at  the  limit  of  subsurface  investigation  (often 
the  property  line)  or  from  a  line  projecting  along  strike  from 
the  area  shown  to  be  free  of  faulting.  This  latter  method  was 


employed  frequently  when  the  objective  was  to  build  on  only 
a  limited  portion  of  the  site.  Occasionally  a  setback  was 
recommended  when  the  subsurface  investigation  revealed  fill 
areas  too  deep  to  be  excavated,  and  where  the  presence  or 
absence  of  active  faulting  could  not  be  established. 

REPORT  QUALITY 

In  the  early  years  following  the  passage  of  the  APSSZ,  a 
great  deal  of  reliance  was  placed  on  other  consultant  reports. 
In  recent  years,  more  original  work  has  been  done,  and  the 
quality  and  consistency  of  the  reports  have  increased  slightly 
over  the  years. 

Approximately  one  quarter  of  the  reviewed  reports  required 
little  or  no  revision.  Many  of  these  required  only  a  statement 
and  signature  by  a  registered  geologist  on  maps  and  cross 
sections  to  fulfill  the  specific  requirements  of  the  City.  Fifty- 
five  percent  of  all  reports  required  moderate  revisions. 
Revisions  generally  involved  textual  changes,  some  of  which 
included  additional  research,  but  many  were  simply  clarifica-    J 
tion  of  presented  information  or  discussion  of  questionable 
features  shown  on  the  figures  or  trench  logs.  The  remaining 
17%  of  the  submitted  reports  required  substantial  revision. 
Most  of  these  required  additional  subsurface  exploration  and     | 
logging  to  make  the  report  meaningful  and  the  investigation 
adequate. 

Three  of  the  reports  requiring  substantial  revision  were 
completed  ultimately  by  another  geologist.  In  one  case,  the 
revised  report  was  not  submitted  for  several  years,  and  the 
original  geologist  died  without  providing  the  specifics 
required  by  the  City.  No  registered  geologist  was  willing  to 
sign  for  the  subsurface  information.  Consequently,  the  site  was 
retrenched. 

At  another  site,  the  reporting  geologist,  questioned  about 
unaddressed  issues  in  the  firm's  report,  including  the  lack  of 
any  subsurface  exploration  and  the  potential  projection  into 
the  site  of  a  subsidiary  fault  trace,  stated  that  the  firm  did  not 
excavate  because  they  did  not  feel  competent  to  log  an 
exploratory  trench.  Ultimately,  the  report  went  to  another 
geologist  to  complete  the  additional  exploration  required.  That 
unfortunate  circumstance  could  have  been  avoided  if  the 
initial  geologist  had  informed  the  client  of  the  limitations  of 
his  expertise  to  complete  an  active  fault  investigation.  In  the 
third  case,  the  report  was  produced  by  a  geotechnical  firm 
with  no  supervision  by  a  registered  geologist,  and  a  number  of 
errors  existed.  Several  references  were  outdated  and  substan- 
tial new  work  had  been  undertaken  after  those  references  had 
been  published.  In  addition,  no  subsurface  exploration  had 
been  undertaken  and  the  projections  of  the  area  shadowed  by 
nearby  trenching  were  incorrect.  A  registered  geologist  was 
then  called  upon  to  complete  the  report  and  address  the 
numerous  discrepancies. 
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CONCLUSIONS 

In  the  experience  of  the  authors,  involvement  of  the  review- 
|  ing  geologist  in  the  field  investigation  has  been  instrumental  in 
i  increasing  the  quality  of  the  reports  and  speeding  the  review 
process.  When  the  reviewers  visited  the  subsurface  excava- 
tions personally,  and  discussed  the  conditions  with  the  project 
geologist,  reviewers'  confidence  in  the  consultants'  methodol- 
ogy, accuracy,  and  thoroughness  was  increased. 

Local  jurisdictions  that  require  fault  rupture  hazard  reports 
should  provide  copies  of  their  applicable  Municipal  Code 
sections  to  every  property  owner  who  inquires  about  develop- 
ment. In  addition,  an  accompanying  informational  notice 
which  delineates  questions  to  ask  of  a  prospective  consultant, 
and,  possibly,  a  list  of  qualified  consultants  with  local 
experience  evaluating  fault  rupture  hazards  would  ease  the 
task  of  accurate,  timely  completion  of  required  investigations. 

Local  jurisdictions  also  should  take  the  responsibility  for 
updating  their  fault  location  or  seismic  hazards  maps  based  on 
the  results  of  consultant  reports  and  new  publications.  This 
would  help  eliminate  unnecessary  fault  reports,  and  provide 
additional  information  for  risk  assessment  for  those  properties 
located  on  or  adjacent  to  fault  traces. 

We  suggest  development  of  guidelines  for  standards  of 
practice  for  trench  and  test  pit  logging  and  presentation  of  the 
logs.  An  appropriate  format  would  be  guidelines  as  part  of  the 
CDMG  "Note"  series  similar  to  those  for  evaluating  the 


hazard  of  surface  fault  rupture  (CDMG,  1975),  geologic/ 
seismic  hazards  (CDMG  Note  37),  and  engineering  geologic 
reports  (CDMG  Note  44).  This  would  help  to  standardize  and 
improve  the  quality  of  trench  logs. 

The  review  process  is  instrumental  in  achieving  a  high  level 
of  quality  in  fault  investigations.  The  increased  quality  results, 
in  part,  from  the  standardization  of  reports,  which  can  be  a 
product  of  thorough  reviews. 
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Deformation  Near  the  Hayward  Fault 
Associated  with  the  1868  Earthquake 

by 
Paul  Segall1  2  and  Jeffrey  Freymueller1 


ABSTRACT 

First  order  triangulation  was  conducted  in  the  San  Francisco  Bay  Area  in  the  1850s  and  again  in  the  1880s. 
Following  the  1906  earthquake,  much  of  the  triangulation  in  the  Bay  Area  was  reoccupied.  The  first  two 
surveys  bracket  the  1868  earthquake  on  the  Hayward  fault.  In  their  classic  study,  Hayford  and  Baldwin  (1908)3 
computed  horizontal  displacements  for  the  interval  1850  to  1880  and  attributed  the  motions  to  the  1868  event. 
They  also  computed  the  displacements  for  the  interval  1880  to  1907  and  attributed  the  motion  to  the  1906 
event.  Recently,  Segall  and  Lisowski  (1990)4  recomputed  the  1906  displacements  using  linearized  equations 
relating  the  change  in  horizontal  angle  to  station  displacements.  They  found  displacements  that  are  much  more 
consistent  with  the  observed  right-lateral  slip  in  the  1906  earthquake  than  the  displacements  reported  by 
Hayford  and  Baldwin.  It  is  not  possible,  however,  to  apply  these  methods  to  the  1868  earthquake  since  most  of 
the  1880s  measurements  did  not  repeat  angles  measured  in  the  1850s.  In  this  study  we  have  developed  a 
simultaneous  adjustment  method  for  computing  displacement,  that  solves  for  both  the  station  coordinates  in  the 
first  epoch  (1850s)  and  the  change  in  coordinates  (displacement)  between  the  two  epochs.  The  initial  coordi- 
nates are  basically  "nuisance  parameters"  and  can  be  removed  from  the  problem  by  denuisancing  techniques. 
We  will  apply  these  methods  to  the  1850  and  1880  triangulation  measurements.  Examination  of  the  available 
data  suggests  that  we  should  be  able  to  determine  the  horizontal  displacements  of  a  few  stations  in  the 
proximity  of  the  1868  earthquake. 


'  Department  of  Geophysics,  Stanford  University,  Stanford,  CA  94305 

2  U.S.  Geological  Survey,  345  Middlefield  Road,  Menlo  Park,  CA  94025 

3  Hayford,  J.R  and  Baldwin,  A.L.,  1908,  in  Lawson,  A.C.,  ed.,  The  California  Earthquake  of  April  18,  1906: 
Report  of  the  State  Earthquake  Investigation  Commission,  Carnegie  Institution  Washington, 
Washington,  D.C.,  v.  1,  p.  114-145. 

1  Segall,  Paul,  and  Lisowski,  Michael,  1990,  Surface  displacements  in  the  1906  San  Francisco  and  1989  Loma  Prieta 
earthquakes:  Science,  v.  250,  p.  1241-1244. 
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Geologic  Record  of  Southern 
Hayward   Fault  Earthquakes 


by 
Patrick  L.  Williams1 


ABSTRACT 

Recurrent  motion  of  the  Hayward  fault  is  recorded  by  offset,  tilt,  warp  and  liquefaction  of  late 
Holocene  pond  and  fluvial  deposits  at  the  northern  end  of  Tule  Pond,  Fremont,  California.  Tule  Pond 
lies  within  a  100-m-wide  pull-apart  graben  on  the  gently  sloping  alluvial  fan  of  Alameda  Creek.  The 
pond  is  fault-bounded  on  the  southwest  and  northeast.  Three  trenches  excavated  across  the  north- 
eastern trace  reveal  evidence  for  at  least  six,  and  up  to  eight  Hayward  fault  ruptures  during  the  past 
2100  years.  Current  results  of  this  study  indicate  that  surface  rupture  has  occurred,  on  average,  every 
150-250  years.  This  appears  to  support  the  167-year  average  recurrence  estimated  in  published 
earthquake  forecasts.  Significant  gaps  exist  in  the  sedimentary  record  at  Tule  Pond,  thus  some  late 
Holocene  ruptures  are  almost  certainly  not  recorded  at  this  site.  Age  interpretations  are  based  on  the 
youngest  suite  of  many  AMS  radiocarbon  analyses  This  assumes  that  older  ages  result  from  long 
residence  times  of  charcoal  in  drainages.  Additional  age  constraints  are  expected  from  ongoing 
radiocarbon  analyses,  and  significant  age  revisions  are  possible. 


INTRODUCTION 

Two  large  earthquakes  in  the  19th  century  identified  the 
Hayward  fault  as  a  potent  hazard  to  the  San  Francisco  Bay 
Area.  Surprisingly,  the  fault's  basic  mechanical  behavior, 
including  rate  of  elastic  loading,  constitutive  properties, 
segmentation,  and  characteristic  earthquake  displacement, 
remain  poorly  known.  Forecasting  of  the  recurrence  behavior 
of  the  fault  requires  either  known  or  assumed  values  for  these 
parameters  or  direct  recovery  of  recurrence  evidence  from  the 
geological  record.  A  new  generation  of  fault  studies  are  now 
addressing  the  imminence  of  future  damaging  earthquakes. 
Paleoseismic  research  at  Tule  Pond,  along  the  southern 
Hayward  fault  in  Fremont,  California,  provides  direct 
evidence  of  past  recurrence  behavior  from  the  record  of 
faulting  in  young  sediments.  These  measurements  are 
providing  a  critical  test  of  the  assumptions  made  in  current 
analyses  of  Hayward  fault  rupture  hazard. 

Although  the  fault  creeps  at  a  high  rate  (Lienkaemper  and 
others,  1991),  the  occurrence  of  large  historical  ruptures 
suggests  the  fault  is  locked  at  depth,  and  that  elastic  strain 
energy  accumulates  steadily  across  the  fault  at  the  rate 
imposed  by  plate  boundary  processes.  The  fractional  contribu- 


tion of  fault  creep  to  crustal  strain  relief  is,  however,  unknown. 
The  uncertainty  of  this  factor  vexes  calculation  of  the  risk  of 
Hayward  fault  rupture.  Estimates  of  the  accumulation  rate  of 
"potential  seismic  slip"  range,  therefore,  from  =s4  to  about  9 
mm/yr  (Prescott  and  Lisowski,  1982;  WGCEP,  1990).  This 
variation  gives  rise  to  vastly  different  interpretations  of  the 
level  of  risk  of  future  ground  rupture  of  the  Hayward  fault.  A 
conservative  interpretation  of  the  data  (potential  slip  accumu- 
lating at  10  mm/year)  indicates  the  northern  and  southern 
segments  of  the  fault  could  each  produce  a  magnitude  near  7 
earthquake2  every  150  years,  on  average.  Lower  risk  estimates 
yield  average  repeat  times  of  250  to  500  years  for  each 
segment.  The  WGCEP  (1990)  estimated  risk  of  future  surface 
rupture  on  the  basis  of  a  strain  accumulation  rate  of  9  ±  2  mm/ 
yr.  They  assumed  a  mean  displacement  of  1.5  meters,  yielding 
a  mean  earthquake  return-time  of  167  years  for  each  segment 
of  the  fault.  The  quality  of  data  used  for  these  estimates  was 
rated  by  the  NEPEC  group  as  "C"  and  "D"  (southern  and 
northern  segments,  respectively),  where  "A"  represents  high 
confidence  and  "E"  low  confidence.  The  "poor-to-very  poor" 
ratings  for  the  1990  estimates  resulted  from  relatively  poor 
constraint  of  its  slip  rate  due  to  the  absence  of  geological  or 
historical  information.  This  study  of  the  Hayward  fault 


'Earth  Sciences  Division,  Lawrence  Berkeley  Laboratory,  University  of  California,  Berkeley,  CA  94720 

2A  displacement  of  1 .5  meters,  extending  40-50  km,  and  rupturing  depths  from  5  to  12  km,  would  produce  an  earthquake  of  magnitude  6.8-7 
(Hanks  and  Kanamori,  1979). 
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Figure  1 .  Map  of  Hayward  fault  in  Fremont  showing  location  of  the  Mowry  and  Walnut  sites.  Note  the  southeastward 
termination  of  fault  trace  east  of  Tule  Pond.  Note  ridge  associated  with  a  left  double-bend  along  Stiver's  Lagoon 
(Lake  Elizabeth)  and  the  association  of  Tule  Pond  with  a  right  double  bend.  Woodward-Clyde  (1970)  found  the 
eastern  trace  died  into  a  flexure  south  of  trench  T-E.  The  eastern  trace  is  apparently  not  through-going  and  therefore 
is  probably  not  subject  to  fault  creep.  This  has  positive  implications  for  distinguishing  seismogenic  vs.  asiemic  fault 
slippage  here.  Modified  from  Woodward  Clyde  (1970). 
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involves  the  search  for  ancient  evidence  of  the  timing  of  the 
past  ruptures  of  the  fault  in  order  to  provide  an  objective 
means  of  forecasting  large  earthquakes. 

Through  the  city  of  Fremont  the  Hayward  fault  divides  the 
broad  alluvial  fan  of  Alameda  Creek.  This  relatively  flat-lying 
area  is  essentially  the  only  place  where  the  southern  Hayward 
fault  crosses  flat-lying  terrain  underlain  by  young  sedimentary 
deposits.  Near  the  center  of  the  Niles  Cone,  the  main  trace  of 
the  Hayward  fault  follows  a  right  double-bend  around  a 
topographic  depression  named  "Tule  Pond"  on  recent  maps, 
and  "Tyson's  Lagoon"  on  early  maps  (Figure  1).  Right-lateral 
fault  displacement  across  this  abrupt  bend  has  produced  local 
extension  and  a  simple  tectonic  basin  which  has  functioned  as 
a  site  of  deposition.  The  lacustrine  and  alluvial  record 
documents  normal  separations  which  define  Tule  Pond  as  a 
fault-bounded,  pull-apart  graben. 

The  southern  end  of  Tule  Pond  intersects  the  nose  of  a  linear 
pressure  ridge  (Figure  1).  This  ridge  is  a  classic  "pressure 
ridge"  produced  by  compressional  deformation  associated 
with  a  restraining  fault  bend  (Figure  1).  It  extends  southeast 
and  forms  a  crest  at  the  site  of  the  Fremont  City  Civic  Center, 
i  The  area  of  the  Civic  Center  pressure  ridge  is  bounded  on  the 
west  by  the  master  trace  of  the  Hayward  fault  and  on  the  east 
by  the  projection  of  the  eastern  fault  trace.  The  juxtaposition 
of  releasing  and  restraining  bends  is  not  uncommon  along 
strike-slip  faults,  and  occurs  at  many  scales.  As  deformation 
continues,  Tule  Pond  deposits  will  be  uplifted  and  eroded  as 
the  Civic  Center  pressure  ridge  extends  to  the  north  and  passes 
through  the  Tule  Pond  site. 

PALEOSEISMOLOGY 

Additional  paleoseismological  data  addressing  the  Hayward 
fault's  slip  rate,  slip-per-event  and  recurrence  interval  are 
i  required  to  improve  earthquake  risk  estimates.  Our  work  has 
provided  substantial  evidence  of  episodic  Hayward  fault 
slippage  recovered  in  excavations  near  Mowry  Avenue  in 
Fremont  (Williams  and  others,  1990,  Williams  1991)  (Figure 
2).  The  edges  of  the  pull-apart  basin  are  expressed  geomorphi- 
cally  by  well  delineated  by  fault  scarps.  Subsurface  trenches 
revealed  markers  which  are  sufficiently  continuous  and 
extensive  to  allow  correlation  throughout  the  northern  area  of 
the  pull-apart  basin.  Examples  of  continuous  marker  horizons 
include  a  gravel  bed  overlain  by  a  compact  carbonate-rich 
clayey  silt.  The  silt  deposit  is  covered  by  carbonate-poor 
clayey  silt.  These  three  horizons  form  the  basal  units  which 
are  mantled  by  five  or  more  area-wide  overbank/lacustrine 
deposits. 

This  area  was  selected  for  concentrated  work  because 
earthquake  offsets  were  expected  to  be  recorded  by  dip-slip 
displacements.  The  site's  promise  was  suggested  by  geotech- 
nical  data  and  confirmed  by  the  discovery  of  distinctive 
layered  sedimentary  deposits  in  cores  recovered  from  two 
Tule  Pond  sites.  The  easternmost  trace  dies  southward  into 


folding  associated  with  the  Civic  Center  pressure  ridge  (Figure 
1)  (Woodward  Clyde,  1970;  Alt,  1992),  and  thus  probably 
carries  little,  if  any,  aseismic  fault  slippage  (e.g.,  Rymer,  1989; 
Williams  and  Magistrale,  1989).  The  western  fault  trace  is 
through-going,  however,  and  thus  is  assumed  to  carry  most  of 
the  fault's  approximately  5  mm/year  aseismic  slippage. 

The  northern  tip  of  Tule  Pond  has  been  the  primary  focus  of 
this  study  (Figure  3).  This  is  the  narrowest  section  of  the  pull- 
apart  basin,  where  it  has  opened  most  recently  and  contains  a 
young  sedimentary  record.  The  topography  at  the  north  tip  of 
the  pond  has  been  modified  by  artificial  fill,  located  primarily 
between  the  two  fault  traces  northwest  of  Tule  Pond.  Contour- 
ing from  1940  shows  a  narrow  deeper  part  of  the  basin 
bordering  the  eastern  fault  trace.  This  feature  may  explain  the 
presence  of  fault-parallel  channels  encountered  in  trenches 
across  the  eastern  Hayward  fault  trace,  and  suggests  large 
recent  vertical  separation  across  the  eastern  trace. 

Data.  Evidence  for  six-to-eight  episodes  of  major  fault 
slippage  during  the  past  circa  2100  years  has  been  recovered 
from  trench  exposures  at  Tule  Pond.  Two  ruptures  within  the 
past  about  250  years  (events  R  and  U)  are  expressed  in  all  the 
trench  exposures  (Figure  4a-f).  Strata  sustained  flexure  with  a 
vertical  amplitude  of  at  least  2  meters  during  this  period. 
Young  beds  that  formerly  mantled  the  primary  fault  zone  have 
been  eroded,  but  the  tilt  of  these  beds  provides  a  record  of  the 
recent  deformation.  Event  R,  the  earlier  of  the  two,  is 
indicated  by  the  westward  tilting  of  unit  17  up  to  19°  in  trench 
M2  (Figure  4c),  and  subsequent  onlap  of  units  14  and  15  (also 
best  expressed  in  trench  M2,  Figure  4c).  In  trench  M2  the  9° 
westward  dip  of  units  13,  14  and  15  suggests  the  19°  dip  of 
unit  17  was  produced  in  two  events  (Figure  4c).  Event  U,  the 
most  recent  rupture  recorded  at  the  Mowry  site,  produced  a 
small  vertical  separation  within  unit  36,  a  s  150-year-old 
channel  deposit  (Figure  4b,  d).  The  chaotic  nature  of  the 
channel  sediments  made  these  fractures  difficult  to  trace 
upward  in  trench  Ml  (Figure  4b),  and  the  fracture  could  easily 
extend  through  unit  36  as  observed  in  trench  M2  (figure  4d). 
The  channel  deposit  itself  is  tilted  by  approximately  10 
degrees  in  trenches  Ml  and  M2  (Figure  4b,  d). 

The  Tule  Pond  record  includes  just  two  events  in  the  interval 
from  approximately  250  to  1000  years  before  present.  Event 
P  is  seen  only  in  trench  Ml.  It  is  indicated  by  upward  termina- 
tion of  fault  offset  within  unit  18,  change  of  thickness  across 
the  fault  indicating  strike-slip  motion,  and  apparent  eastward 
tilting  and  folding  within  theunit  (Figure  4a).  Event  O  is 
distinguished  from  event  P  by  sedimentary  onlap  of  units  18 
and  55/57  over  the  westward  tilted  surface  of  unit  54  in  trench 
Ml  (Figure  4b).  Event  O  is  also  indicated  by  abrupt  upward 
decrease  of  fault  separation  between  the  base  and  top  of  unit 
55/57  (trench  Ml,  Figure  4b).  Upward  termination  of  fault 
offset  within  unit  55/57  is  also  observed  in  trench  M5  (Figure 
4f).  Westward  tilting  and  sedimentary  onlap  subsequent  to 
deposition  of  unit  54  may  be  subtly  recorded  in  trench  M5,  but 
is  not  seen  in  trench  M2  (Figure  4d,f).  Upward  termination  of 
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Trench  M1,  South  Wall 
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Figure  4a.  Overview  of  southeast  wall  of  trench  M1 . 
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Figure  4b.  Detailed  log  of  trench  M1 . 


Figure  4a-f.  Diagrams  of  Trenches  M1 ,  M2,  and  M5.  Whole  trench  diagrams  are  presented  in  4a,  4c,  4e,  and 
larger  scale  diagrams  are  presented  in  4b,  4d,  4f.  All  views  are  to  the  southeast.  Shaded  layers  are 
composed  of  silt  to  clay  sized  particles.  The  darker  tones  represent  higher  clay,  and  to  a  lesser  extent, 
organic  fractions.  Evidence  for  faulting  is  presented  in  the  text.  Figure  4c  and  4d  include  unit  ages. 


fault  separation  in  event  O  may  be  recorded  in  trench  M2 
(Figure  4d)  but  cross-cutting  deposits  of  unit  36  removed 
essential  evidence. 

One  and  possibly  two  events  occurred  over  the  interval  1200 
to  1000  years  before  present.  Event  I,  the  earlier  of  the 
postulated  events  in  this  interval,  is  recorded  by  several 
upward  terminations  of  fault  separation.  The  recurrence  of  this 
evidence  in  three  trenches  increases  confidence  in  the 
interpretation  of  event  I.  The  event  I  separations  extend  to 
within  unit  32,  but  do  not  affect  the  top  of  unit  32.  Liquefac- 
tion deposits  occur  within  unit  32  in  trench  M5  (Figure  4f). 
These  materials  are  closely  associated  with  the  event  I  fault 
traces,  and  do  not  appear  to  affect  the  overlying  unit  54 
sediments  (Figure  4f).  Event  I'  is  supported  by  the  presence 
of  a  set  of  upward  limited  fault  separations  in  trenches  M2  and 
M5,  and  a  buried  fault  scarp  in  M5.  (Figures  4d,  f).  Offsets 
associated  with  event  V  cut  farther  upsection  than  those 
associated  with  event  I,  offsetting  the  base  of  unit  54  where  it 
mantles  the  fractures  associated  with  event  I'.  Corroboration 
<>t  this  observation  in  two  trenches  supports  interpretation  of 


the  event  I  and  I'  offsets  as  representative  of  independent 
ruptures.  The  narrow  stratigraphic  interval  separating  these 
events,  and  the  lack  of  any  evidence  of  a  sustained  sedimenta- 
ry hiatus  between  them,  suggests  these  events  are  separated  by 
just  a  few  tens  of  years. 

Evidence  has  also  been  recovered  at  Tule  Pond  for  two 
events  in  the  interval  from  circa  1900  years  to  2100  years 
before  present  (events  F  and  F').  Event  F  is  recorded  by 
fracture  terminations  at  the  top  of  unit  11  in  trench  M2  (Figure 
4c,d),  and  the  presence  of  an  onlapping  sedimentary  wedge 
over  unit  11  in  trench  Ml  (Figure  4a,b).  Event  F'  is  indicated 
by  fracture  terminations  within  unit  60,  and  below  unit  32. 
(Figure  4b,f).  A  minor  liquifaction  feature  within  unit  60  in 
trench  Ml  may  also  record  event  F'. 

Discussion.  The  six-to-eight  earthquakes  recorded  at  the 
Mowry  site  during  the  approximately  2100  years  of  sedimen- 
tary record  at  the  Mowry  site  suggests  a  minimum  average 
recurrence  interval  of  260  years  (Figure  5).  A  prominent 
depositional  hiatus  exists  in  the  sedimentary  record  between 
units  60  and  32,  and  another  significant  hiatus  is  between  units 
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Trench  M2,  South  Wall 


Figure  4c.  Overview  of  southeast  wall  of  trench  M2 


Figure  4d.  Detailed  log  of  trench  M2. 


12.54- 


17  and  18  (Figure  4c,d),  thus  it  is  likely  that  several  earth- 
quakes are  not  recorded.  Events  R  and  U  occurred  subsequent 
to  deposition  of  unit  17,  240±240  calendar  years  before 
present3  (CYBP),  thus  two  events  have  occurred  in  no  more 
than  480  years.  If  we  assume  that  event  U  equals  the  1868 
event,  the  interval  between  events  R  and  U  is  120+240/- 120 
years.  Events  P  and  O,  occurred  in  the  interval  1030±250  to 
240±240  CYBP,  suggesting  a  recurrence  time  for  these 
earthquakes  of  790±490  CYBP.  Events  I  and  I'  occurred  in  the 
interval  1200±115  and  1030±230  CYBP  with  a  renewal  time 
of  170+345/- 170  years.  Finally,  events  F  and  F'  appear  to 
have  taken  place  in  the  interval  from  2090±210  to  1880+160 
CYBP,  suggesting  a  renewal  time  of  210+345/-210  years. 
Taking  the  missing  sedimentary  section  into  account,  these 
preliminary  data  suggest  an  average  southern  Hayward  fault 
recurrence  interval  of  approximately  150  to  250  years. 

The  Tule  Pond  paleoseismic  record  clearly  continues  to  need 
substantial  corroboration  and  development.  The  record 
represents,  however,  the  only  direct  evidence  of  the  timing  of 
Hayward  rupture  prior  to  the  about  150-year  period  of  local 
historical  record. 


Summary.  A  range  of  hypotheses  are  possible  with  respect 
to  the  imminence  of  seismogenic  ruptures  of  the  Hayward 
fault.  The  WGCEP  (1990)  calculated  a  cumulative  45% 
probability  of  a  ground  rupturing  Hayward  earthquake  during 
the  1990-2020  period  and  a  167  year  recurrence  interval  for 
each  separate  segment.  Prescott  and  Lisowski  (1982)  argued 
that  a  500  year  repeat  time  between  large  earthquake  ruptures 
is  possible  on  the  basis  of  strain  and  creep  data.  The  large 
difference  between  these  hypotheses  is  the  result  of  poor 
constraint  of  the  fault's  mechanical  parameters.  For  example, 
it  is  not  known  whether  fault  creep  affects  the  rate  of  elastic 
strain  accumulation  across  the  Hayward  fault.  The  occurrence 
of  two  large  Hayward  fault  earthquakes  in  the  nineteenth 
century  demonstrates  that,  regardless  of  what  slip-rate  model 
is  used,  the  fault  must  have  single  or  multiple  locked  patches. 
Paleoseismological  investigation  seeks  to  directly  measure  the 
fault's  average  recurrence  interval,  bypassing  model  uncer- 
tainties, and  providing  a  basis  to  develop  models  that  ade- 
quately express  historical  patterns. 


'Calibration  applied  using  time  series  of  Stuiver  and  Pearson  (1986).  Standard  deviation  includes  an  inter-laboratory  error  multiplier  =  1 .60. 
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Trench  M5,  South  Wall 

< N62.5°E 


Figure  4f.  Detailed  log  of  trench  M5. 


MOWRY  SITE  AGE  CONSTRAINTS 
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Figure  5.  Diagram  of  the  relationship  between  earthquake  evidence  and  limiting 
sedimentary  ages  in  trenches  M1 ,  M2,  and  M5.  Unit  ages  are  presented  in  Figures  4c  and 
4d.  See  text  for  discussion  of  limiting  ages.  Pairs  of  events  F  and  F,  I  and  I',  O  and  P,  R  and 
U,  share  age  constraints.  The  data  cannot  resolve  whether  the  events  are  actually  paired  in 
time. 
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We  have  shown  that  Tule  Pond  contains  information  on 
timing  of  large  earthquakes  on  the  southern  segment  of  the 
Hayward  fault  over  the  past  two  millennia.  Right-lateral  fault 
displacement  across  an  abrupt  right  double-bend  at  Tule  Pond 
has  produced  a  simple  tectonic  depression  in  which  fault- 
1  mantling  deposits  have  accumulated.  The  thinly  bedded  and 
i  laminated  deposits  at  the  Tule  Pond  site  provide  a  unique 
!  opportunity  to  document  the  timing  of  large  potentially 
j  destructive  earthquakes  on  the  southern  segment  of  the 
Hayward  fault. 
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Holocene  Slip  Rate  of  the  Hayward  Fault  at  Union  City 

by 
James  J.  Lienkaemper1  and  Glenn  Borchardt2 


ABSTRACT 

Measured  offsets  of  well-dated  alluvial  fan  deposits  near  the  Masonic  Home  in  Union  City  constrain  the 
Holocene  slip  rate  of  the  Hayward  fault  between  7  and  9  mm/yr.  Our  best  minimum  geologic  slip  rate  over  the 
past  8.3±0.1  ka  is  a8. 0+0.6  mm/yr.  A  steep  stream  channel  cut  into  bedrock  flows  out  of  the  East  Bay  Hills, 
crosses  the  fault,  and  deposits  its  load  on  an  alluvial  fan.  We  cut  two  5-m  deep,  fault-parallel  trenches  in  1989 
and  1990,  at  distances  of  20  and  30  m  away  from  the  main  fault  through  the  crest  of  the  fan.  These  trench  walls 
reveal  a  series  of  nested  channel  fills.  These  channels  had  cut  into  old  surfaces  that  are  indicated  by  paleosols 
developed  on  the  flood  silts.  We  distinguished  many  channel  fills  by  their  shape,  clast  size,  elevation  and 
relation  to  paleosols  and  can  match  them  on  the  detailed  logs  of  both  trenches. 

Two  distinct  episodes  of  fan  development  occurred  during  the  Holocene.  Reconstructing  the  apex  positions  of 
these  units  indicates  that  about  40±6  m  and  66±5  m  of  fault  slip  has  occurred  since  their  inceptions  at  about 
4.7±0.3  ka,  and  8.3±0.1  ka,  respectively.  We  lowered  the  age  and  age  uncertainty  of  the  younger  unit  from 
earlier  reports  based  on  new  multiple  radiocarbon  dates.  The  4.7  ka  slip  rate  of  8.5±1 .4  mm/yr  is  not  significant- 
ly different  at  95%  confidence  from  the  8.3  ka  slip  rate  of  8.0±0.8  mm/yr.  Future  work  may  modify  the  slip  rate  of 
the  4.7  ka  unit.  Rates  from  two  late  Pleistocene  fan  units  at  this  site  fall  between  7  and  10  mm/yr,  but  need 
much  more  work  to  be  as  accurate  as  the  two  Holocene  rates.  Current  values  show  no  distinguishable  changes 
in  slip  rate  in  the  last  15  ka. 

Because  the  historic  surface  creep  rate  near  Union  City  is  5  mm/yr,  the  larger,  28  mm/yr,  Holocene  slip  rate 
implies  that  strain  is  now  accumulating  on  a  locked  zone  at  depth.  The  &8  mm/yr  rate  seems  minimal,  because 
earlier  trenching  evidence  implies  that  some  unknown  amount  of  fault  deformation  occurs  outside  of  the  narrow 
fault  zone  assumed  in  measuring  slip.  Lienkaemper  and  Borchardt  [this  volume]  suggest  that  the  fast  creep  rate 
of  9  mm/yr,  measured  near  the  southern  end  of  the  Hayward  fault,  may  underestimate  the  deep  slip  rate, 
because  1868  surface  slip  occurred  there  in  addition  to  the  continuing  fast  creep.  If  the  historic  deep  slip  rate 
equals  the  long-term  rate,  then  the  9  mm/yr  fast  creep  rate  reflects  the  minimum  seismic  loading  rate  of  the 
Hayward  fault  better  than  the  ;>8  mm/yr  Holocene  rates  do. 
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Holocene  Slip  Rate  of  the  Hayward  Fault  at  Fremont 

by 
Glenn  Borchardt1,  James  J.  Lienkaemper2,  and  Karin  E.  Budding3 


ABSTRACT 

From  exposures  along  the  western  trace  of  the  fault  southeast  of  Fremont  City  Hall  we  determined  a 
minimum  9  ka-slip  rate  of  5.0  ±  0.5  mm/yr  for  the  southern  Hayward  fault.  We  measured  fault  offset  of  a 
distinctive  contact  in  channel  deposits  that  underlie  a  1-  to  4-m  thick  overbank  deposit.  On  both  sides  of  the 
fault  the  buried  channel  deposits  are  sandy  to  the  northwest  of  this  contact  and  gravelly  to  the  southeast .  The 
northwest  margin  of  the  gravelly  channel  fill  intersects  the  fault  plane  at  an  angle  of  33  ±  5°  on  both  sides  of 
the  fault.  By  projecting  the  piercing  lines  defined  by  the  channel  deposit  into  the  fault,  we  measure  right  slip  of 
44.5  ±4.1  m.  Samples  of  detrital  charcoal  from  above  the  channel  fill  northeast  of  the  fault  and  from  below  it 
southwest  of  the  fault  have  radiocarbon  ages  of  8,260  ±  190  yr  B.P.  and  7,990  ±  160  yr  B.P.,  respectively.  The 
similarity  between  the  Holocene  slip  rate  and  the  historical  creep  rate  near  this  site  of  5.0-5.5  mm/yr  could 
suggest  that  no  elastic  strain  accumulation  occurs  along  this  segment  of  the  Hayward  fault.  However,  the 
creep  rate  farther  to  the  south  has  been  as  high  as  9.5  mm/yr  during  the  past  few  decades  and  more  recent 
work  yields  a  geologic  slip  rate  of  7-9  mm/yr  farther  to  the  north  at  Union  City  (Lienkaemper  and  Borchardt, 
1991 ,1992).  Additional  Holocene  deformation  has  occurred  along  an  eastern  trace  mapped  at  Fremont  City 
Hall.  Although  the  eastern  trace  had  no  clear  horizontal  offset  during  the  last  9  ka,  an  east-facing  monoclinal 
warp  of  about  1  m  formed  during  this  period.  Because  it  is  on  the  wet  side  of  a  water  barrier  formed  by  the 
western  trace,  the  eastern  trace  may  have  undergone  soft-sediment  deformation  that  masked  the  horizontal 
component  of  offset.  We  conclude  that  the  5.0±  0.5  mm/yr  slip  rate  at  Fremont  City  Hall  is  a  minimum,  and 
that  elastic  strain  accumulation  along  this  segment  of  the  fault  cannot  be  ruled  out. 


INTRODUCTION 

Since  the  earthquake  of  1868,  the  Hayward  fault  has  become 
one  of  the  most  urbanized  in  the  world  (Figure  1).  A  M7 
earthquake  on  the  fault  could  produce  damage  rivaling  that  of 
a  M8  earthquake  on  the  San  Andreas  (Steinbrugge  and  others, 
1987;  Toppozada  and  others,  1992)  Day-by-day,  the  probabil- 
ity that  we  will  experience  another  major  earthquake  on  the 
Hayward  fault  continues  to  increase.  Lindh  (1983)  estimated 
the  probability  of  a  M6.5-7.0  event  on  the  southern  Hayward 
fault  to  be  about  11%  by  the  year  2013.  Based  partly  on  results 
to  be  summarized  in  this  paper,  WGCEP  (1988)  raised  this 
estimate  to  20%  by  the  year  2018.  WGCEP  (1990)  further 
increased  it  to  23%  by  the  year  2020. 


These  estimates  assume  the  characteristic  earthquake  model, 
which  states  that  earthquakes  occur  at  regular  intervals,  when 
strain  along  a  locked  section  of  the  fault  reaches  a  critical 
threshold.  During  an  event  similar  to  the  one  that  occurred  in 
1868,  the  rocks  at  depth  will  shift  about  1500  mm  in  sudden 
rupture  (WGCEP,  1990).  In  this  ideal  case  the  interval 
between  earthquakes  is  simply  a  function  of  the  rate  at  which 
the  rocks  along  the  fault  move  past  each  other  throughout 
geologic  time.  Thus,  if  the  geologic  slip  rate  was  15  mm/yr  on 
the  southern  Hayward  fault,  a  M7  earthquake  would  be 
expected  every  100  years;  if  the  rate  was  5  mm/yr,  every  300 
years,  and  so  on.  The  reality  is,  of  course,  more  complicated 
than  this,  but  the  dependency  on  slip  rate  remains  crucial. 
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Figure  1 .  Hayward  fault  showing  location 
of  Fremont  City  Hall  study  site  (arrow)  on 
segment  that  ruptured  in  1868. 


From  geodetic  measurements  Prescott  and  Lisowski  (1982; 
1983)  calculated  the  surface  slip  rate  along  the  fault  to  be  5  to 
6  mm/yr,  although  deep  slip  could  be  as  much  as  10  mm/yr. 
From  available  geologic  data,  one  can  calculate  slip  rates 
ranging  between  0.7  and  9.7  mm/yr  for  the  last  6  to  10  Ma 
(Graham  and  others,  1984;  Fox  and  others,  1985;  Sarna- 
Wojcicki  and  others,  1986;  Liniecki-Laporte  and  Anderson, 
1988;  Sarna-Wojcicki,  1992).  As  a  fault  evolves,  the  slip  rate 
probably  increases  to  a  maximum  and  then  decreases  to  zero 
as  it  becomes  extinct.  Only  the  rate  in  effect  during  the  last 
few  dozen  earthquakes  would  be  appropriate,  therefore,  for 
calculating  recurrence  intervals  and  probability  estimates.  For 
an  extremely  active  fault  such  as  the  Hayward,  this  can  be 
accomplished  by  studying  the  sediments  laid  down  during  the 
past  10,000  years,  the  Holocene. 

PARALLEL  TRENCHING  TO  DETERMINE 
THE  SLIP  RATE 

A  slip  rate  is  determined  by  finding  matching  units  on  either 
side  of  a  fault,  measuring  the  distance  of  offset,  and  obtaining 
the  age  of  the  unit  that  was  offset.  Cotton  and  others  (1986) 


investigated  Holocene  deposits  across  the  Hayward  fault  south  of 
Fremont  City  Hall.  Although  they  found  no  datable  materials,  they 
did  uncover  a  unique  gravel  deposit  on  the  southwest  side  of  the 
creeping  trace  (Figure  2).  To  find  the  counterpart  to  the  offset 
gravel  deposit,  we  excavated  a  trench  up  to  90  cm  wide  and  up 
to  6  m  deep  along  the  northeast  side  of  the  fault  (Figure  3, 
trench  1).  Due  to  the  danger  of  trench  collapse,  we  were 
unable  to  dig  deep  enough  to  locate  Cotton's  gravel  unit. 
Nevertheless,  we  did  find  a  distinctive  facies  change  from 
sand  to  gravelly  sand  beneath  the  clayey  surface 
materials  after  excavating  southeast  for  30  m.  We 
found  the  counterpart  to  this  sand-to-gravelly  sand 
transition  in  a  second  parallel  trench  on  the  southwest 
side  of  the  fault  (Figure  3,  trench  2).  Next,  we  located 
the  fault  precisely  in  cross-fault  trenches  A,  B,  and  C 
and  determined  the  angle  of  incidence  of  the  facies 
change  by  digging  parallel  trenches  3,  4,  5  and  6 
(Figure  3).  The  trenches  were  logged  in  great  detail  at 
a  scale  of  1:20  (Borchardt  and  others,  1988a). 

HISTORY  OF  DEPOSITION 

The  trench  logs  show  clear  evidence  for  both  right- 
lateral  displacement  along  the  fault  and  downwarping 
on  its  northeast  side  (Figure  4).  Two  strikingly 
different  fluvial  units  dominate  the  site:  a  coarse 
channel  unit  and  a  fine  overbank  unit. 

Channel  Unit 

The  coarse  channel  unit  at  the  base  of  the  section 
consists  of  interbedded  fine  to  coarse  sands,  gravelly 
sand,  and  sandy  gravel.  The  unit  is  dominated  on  the 
northwest  by  a  medium  to  very  coarse  laminated 
sand  containing  less  than  10%  gravel  and  on  the 
southeast  by  very  coarse  sand  containing  15  to  70% 
gravel  (Figures  3  and  4).  Except  for  some  bioturbation  near 
the  contact  with  the  overbank  units,  the  upper  surface  of  the 
coarse  channel  deposit  is  marked  by  an  erosional  lag  gravel. 
The  overall  slope  of  the  Niles  alluvial  fan  is  0.2%.  Thus  we 
can  assume  that  the  contact  between  the  coarse  channel  unit 
and  the  overbank  unit  was  nearly  level  before  tectonism. 


Overbank  Unit 

The  overbank  deposit  contains  an  upwardly  fining  sequence 
in  which  two  major  subunits  are  distinguishable  on  the  basis 
of  particle  size  (Borchardt  and  others,  1988b).  The  lower 
subunit  is  a  loam  ranging  in  thickness  from  0.9  to  2.4  m;  the 
upper  subunit  is  a  clay  loam  ranging  in  thickness  from  0.6  m 
to  1.3  m.  The  soils,  their  ages,  and  their  relationships  to  strike- 
slip  and  downwarping  were  described  in  detail  by  Borchardt 
and  others  (1988b). 

In  brief,  this  part  of  the  Niles  alluvial  fan  was  subjected  to 
deposition  by  a  broad,  shallow  channel  bringing  sand  and, 
finally,  gravelly  sand  from  the  Niles  Canyon.  The  channel  wa 
eventually  abandoned  and  buried  by  fine  sediments  deposited 


PROCEEDINGS  OF  THE  SECOND  CONFERENCE 
ON  EARTHQUAKE  HAZARDS  IN  THE  EASTERN  SAN  FRANCISCO  BAY  AREA 


183 


■g 

re 

I 

re 
I 

0) 


c 
o 

CO 


>« 


re 
I 
>. 

o 

c 
o 

E 

LL 


CM 
CD 


184 


DIVISION  OF  MINES  AND  GEOLOGY 


SP  113 


30 

-i — 


20 


10 

—r 


FREMONT  CITY  HALL  STUDY  SITE 


N 


F73T *~ 


SOU.  NO.  4 


DMG-1 


Trench  of  Cotton  and 
lA     Others  (1986) 


MAIN  TRACE  K10 


SUBSIDIARY  TRACES 


Wayward  Fault 


LOCAL  (THENCHI  GRIO.  IN  METERS 


RECONSTRUCTED  CHANNEL  MARGIN  >- 


SURVEY  CONTROL  POINT         g 


t3 


DMG-4 

DOMINANT  UNIT  AT  UPPER  SURFACE  OF  CHANNEL  DEPOSITS 


]  Sand  (<10%  pebbles) 
J   Gravelly  sand 


•     Projection  of  Palinspastically  Reconstructed 
Channel  Margin 

FAULTS  OASHED  WHERE  APPROXIMATELY  LOCATEO,  DOTTED  WHERE  INFERRED 


Figure  3.  Large  scale  map  of  trenches  at  Fremont  City  Hall  study  site. 
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after  periodic  floods.  According  to  Borchardt  and  others 
(1988b).  this  part  of  the  fan  has  not  been  subject  to  major 
floods  for  the  past  2,400  years. 

FAULT  OFFSET 

Because  the  gravelly  sand  channel  fill  does  not  cross  the 
fault  at  right  angles,  and  is  distorted  by  tectonic  down  warping 
and  drag  folding,  calculation  of  the  amount  of  fault  offset  is 
somewhat  complicated.  Where  not  distorted  by  warping,  the 
northwest  margin  of  the  gravelly  sand  unit  dips  7  to  9  degrees 
to  the  southeast  (Borchardt  and  others,  1988a).  To  determine 
the  precise  position  of  the  northwestern  edge  of  the  channel 
margin,  tectonic  deformation  also  had  to  be  taken  into  account 
through  a  restoration  technique  called  palinspastic  reconstruc- 
tion. 

Projections  of  the  northwestern  margin  of  the  gravelly  unit 
from  trenches  1  to  5  show  the  average  trend  of  this  margin 
intersecting  the  fault  plane  at  an  angle  of  33  ±  5°  (Figure  3). 
The  channel-fill  margin  between  trenches  2  and  6  is  laterally 
deformed  along  one  or  more  secondary  shears.  The  margin  in 
trench  6  is  about  7  m  further  southeast  than  expected  from 
projection  of  the  line  from  the  margin  in  trenches  2  and  4.  This 
distributed  right-lateral  offset  of  the  margin  probably  resulted 
from  drag  along  the  fault — a  rather  common  phenomenon  in 
soft  sediments. 

Paleomagnetic  analysis  of  samples  collected  from  the  base 
of  the  overbank  deposit  in  trench  A  (Figure  4)  permit  as  much 
as  30°  of  dextral  rotation  for  the  southwest  side  of  the  fault 
and  as  much  as  30°  of  differential  rotation  for  the  northeast 
side  of  the  fault  (S.  Salyards,  Dept.  of  Physics,  New  Mexico 
State  University,  written  communication,  1988).  This  corrobo- 
rates the  evidence  for  drag  folding  between  trenches  2  and  6 
as  seen  in  plan  view  (Figure  3).  As  expected,  the  channel-fill 
margins  in  outlying  trenches  were  less  distorted  by  drag  than 
those  closest  to  the  fault.  The  precision  of  paleomagnetic 
analysis,  unfortunately,  would  not  allow  calculation  of  the 
drag  that,  in  turn,  affects  these  outlying  trenches.  Nevertheless, 
projections  from  the  outlying  trenches  can  be  used  to  calculate 
a  minimum  value  for  the  slip. 

After  palinspastic  reconstruction,  described  in  detail  by 
Borchardt  and  others  (1988a),  the  dips  along  the  northwest 
channel-fill  margins  were  similar  on  both  sides  of  the  fault. 
For  each  reconstructed  log,  the  contact  between  the  top  of  the 
channel-fill  margin  and  the  overbank  unit  was  projected  to  the 
surface.  This  produced  a  single  point  for  each  trench  face  on 
the  planar  map  (squares,  Figure  3).  Connections  between  these 
points  roughly  outline  the  northwest  margin  of  the  gravelly 
channel  fill. 


To  obtain  piercing  points  for  slip  determination,  we  used  a 
simple  least  squares  regression  method  on  the  points  from 
trenches  1-5  (Figure  3)  to  produce  straight  lines  projecting  into 
the  fault  plane.  Because  the  channel-fill  margin  in  trench  6 
was  clearly  deformed  by  drag  folding,  it  was  not  used  for  the 
projection.  The  value  for  the  slip  is  44.5  ±4.1  m. 

AGE  AND  GEOLOGIC  SLIP  RATE 
CALCULATION 

Charcoal  from  above  the  offset  channel  fill  in  the  southwest 
wall  of  trench  3  (station  9)  and  from  below  the  channel  fill  in 
the  northeast  wall  of  trench  2  (station  27)  gave  radiocarbon 
ages  of  8,260  ±  190  yr  B.P.  and  7,990  ±  160  yr  B.P.,  respec- 
tively. Calculations  from  soil  carbon  and  downwarp  rates  in 
trench  1  gave  an  independent  radiocarbon  age  estimate  of 
7,800  yr  B.P.  for  the  coarse  channel  unit  (Borchardt  and 
others,  1988b).  The  two  charcoal  ages  from  the  channel  fill  are 
not  markedly  different  within  95%  confidence  limits,  further 
demonstrating  the  correlation  of  the  channel-fill  margins 
across  the  fault. 

We  use  the  younger  of  the  two  ages  for  slip  rate  calculation 
because  detrital  charcoal  is  always  older  than  the  sedimentary 
unit  in  which  it  is  found.  The  charcoal  in  the  youngest  sample 
was  abundant  and  unabraded,  suggesting  it  came  from  a 
nearby  burn.  Adding  the  four  decades  elapsed  since  present  for 
radiocarbon  (i.e.,  1950)  and  making  the  dendro-correction 
yields  an  age  for  the  gravelly  unit  of  8.90  ±0.18  ka.  Thus  the 
channel  fill  marks  a  minimum  slip  of  44.5  m  in  8,900  calendar 
years  for  a  minimum  Holocene  slip  rate  of  5.0  ±  0.5  mm/yr. 

CONCLUSIONS 

The  geologic  slip  rate  on  the  Hayward  fault  at  Fremont  City 
Hall  has  been  at  least  5.0  ±  0.5  mm/yr  for  the  last  9  ka. 
Coincidentally,  cultural  features  to  the  north  and  south  of  our 
study  site  have  been  aseismically  deformed  at  a  similar  rate 
during  the  last  three  decades.  Geodetic  measurements  of 
surface  slip  are  likewise  similar. 

Although  the  new  data  may  suggest  that  the  fault  poses  little 
earthquake  hazard  at  present,  caution  is  advised.  Preliminary 
results  of  Holocene  slip  from  Union  City  to  the  northwest 
(Lienkaemper  and  Borchardt,  1991,1992)  as  well  as  aseismic 
slip  2  to  6  km  southeast  of  the  site  give  slip  rates  up  to  9.5 
mm/yr.  This  high  slip  rate  is  neither  evident  on  the  principal 
fault  trace  at  our  site  nor  at  the  many  creep  localities  measured 
northwest  of  it.  A  dormant,  undiscovered  trace  of  the  fault  or  a 
broad  (150-  to  200-m  wide)  zone  of  distributed  deformation 
may  lie  subparallel  to  the  trace  we  used  to  determine  the  slip 
rate.  Because  the  measured  Holocene  slip  rate  is  a  minimum, 
we  recommend  corroborative  determinations  elsewhere  along 
the  fault  such  as  the  work  in  progress  at  Union  City. 
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Subsidiary  Faulting  East  of  the 
Hayward  Fault  in  Southern  Alameda  County 


by 
William  V.  McCormick,  Philip  V.  Burkland,  and  Pamela  J.  Raynak1 


ABSTRACT 

Recent  geologic  investigations  in  the  Warms  Springs  District  of  Fremont,  in  southern  Alameda  County, 
California,  have  identified  a  previously  unmapped  fault  splay  associated  with  the  Hayward  fault.  This  fault 
was  first  identified  in  1988  as  a  faint  but  continuous  photolineament  that  branched  off  the  main  fault  trace 
and  continued  southeasterly  (S40°E)  for  approximately  1-3/4  miles  to  the  Fremont/Milpitas  city  boundary. 
Evidence  of  faulting  was  exposed  along  the  photolineament  in  12  trenches  excavated  during  geologic 
and  seismic  hazard  studies  for  proposed  residential  developments.  In  the  north,  the  fault  is  typically 
characterized  by  a  relatively  narrow  shear  zone  (<10  feet  wide)  within  the  brittle,  nonmarine  Santa  Clara 
Formation  of  Plio-Pleistocene  age.  In  the  south,  the  fault  is  characterized  by  two  prominent  splays 
bounding  a  relatively  wide  shear  zone.  The  eastern  splay  continues  in  a  southeasterly  direction  and 
disrupts  units  within  the  Santa  Clara  Formation.  The  westerly  splay  continues  in  a  more  north-south 
orientation  juxtaposing  Santa  Clara  Formation  on  the  east  against  marine  sediments  of  the  Monterey 
Formation  of  middle  Miocene  age  on  the  west.  Unlike  the  main  trace  of  the  Hayward  fault,  these  splays 
locally  have  apparent  normal  or  high-angle  reverse  offset,  with  the  west  (downhill)  side  up  relative  to  the 
east  (uphill)  side.  This  sense  of  offset  is  not  reflected  in  the  present  geomorphology.  Apparent  vertical 
offsets  vary  from  several  inches  to  possibly  tens  of  feet  where  the  Santa  Clara  and  Monterey  formations 
are  juxtaposed.  Oblique  orientations  of  striae  on  fault  planes  indicate  that  this  fault  has  some  strike-slip 
movement.  The  activity  status  of  this  fault  could  not  be  determined  unequivocally  due  to  the  actively 
creeping  slopes  and  the  lack  of  a  well-developed  soil  profile  in  the  area.  Consultants  and  reviewing 
agencies  agreed  that  a  "Potentially  Active"  status  be  assigned  to  this  fault  and  that  a  minimum  25-foot- 
wide  building  setback  be  established  for  the  proposed  developments. 


INTRODUCTION 

Recent  geologic  investigations  by  Earth  Systems  Consult- 
ants (ESC)  in  the  Warms  Springs  District  of  southeastern 
Fremont,  Alameda  County,  California,  have  identified  a 
\  previously  unmapped  fault  splay  associated  with  the  Hayward 

fault  (ESC,  1983,  1988,  1990a,  1990b,  1990c,  1990d,  1991). 
I  These  studies  were  conducted  as  part  of  geologic,  seismic,  and 

geotechnical  engineering  evaluations  for  adjacent  parcels 
*  proposed  for  residential  development.  The  combined  study 
■i  areas  are  generally  bounded  on  the  west  by  Interstate  Highway 
,  680,  on  the  east  by  open  space  lands  of  Mission  Peak  Region- 
I  al  Park,  and  extend  northward  from  the  southern  city  bound- 
ary for  approximately  1-3/4  miles  (Figure  1). 


The  location  of  the  active  Hayward  fault  has  been  well 
documented  north  of  the  project  area  from  historical  accounts 
of  surface  rupture,  creep  deformation,  and  subsurface  explora- 
tions (trenching)  conducted  by  various  consultants  (Stein- 
brugge  and  others,  1987;  Bryant,  1980;  Radbruch,  1967; 
Radbruch-Hall,  1974).  However,  historical  records  do  not 
report  surface  rupture  extending  southward  into  the  study  area. 

EVIDENCE  OF  FAULTING 

This  previously  unmapped  fault  trace  was  first  identified 
(ESC,  1988)  as  a  faint  but  continuous  photolineament  on  high 
altitude  aerial  photographs.  The  lineament  is  visible  as  a  tonal 
feature  that  branches  off  the  main  fault  trace  in  the  northwest- 
ernmost  comer  of  the  study  area  and  continues  southeasterly 


'Earth  Systems  Consultants  Northern  California,  5880  West  Positas  Blvd.,  Suite  52,  Pleasanton,  CA 94588 
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Figure  1 .  Study  area  location  (northern  and  southern  parcels)  showing  aerial  photolineament  from 
1988  study.  Base  map  from  Alquist-Priolo  Special  Studies  Zones,  Milpitas  Quadrangle,  1982. 


across  the  site,  at  an  orientation  of  S40°E,  for  approximately 
1-3/4  miles  to  the  Fremont/Milpitas  city  boundary  (Figure  1). 
The  lineament  could  not  be  traced  across  Scott  Creek  (city 
boundary)  or  farther  to  the  south  into  the  Curtner  Quarry  site. 

To  evaluate  the  potential  geologic  and  seismic  hazards  for 
proposed  residential  development,  a  series  of  trenches  was 
excavated  across  the  lineament  to  determine  if  it  represented  a 
fault  trace.  In  1990  and  1991,  12  trenches  were  excavated 
across  the  lineament  in  the  study  area,  all  of  which  exposed 
evidence  of  faulting  (Figure  2).  The  character  of  the  fault 
exposed  in  the  trenches  varied  in  width  and  degree  of  offset. 
The  general  nature  of  the  apparent  offset  was  normal  or  high- 
angle  reverse  with  the  west  (downhill)  side  up  relative  to  the 
cast  (uphill)  side.  Oblique  orientations  of  striae  measured  on 
some  shear  planes  indicate  that  there  is  a  strike-slip  or  oblique- 
slip  component  of  movement. 

In  the  northern  part  of  the  study  area  four  trenches  (Tl 
through  T4)  were  excavated  across  the  lineament.  In  this 


vicinity,  a  single  trace  was  characterized  by  a  narrow  zone  of 
intensely  sheared  materials  (<10  feet  wide)  within  the  brittle, 
nonmarine  Santa  Clara  Formation  of  Plio-Pleistocene  age. 
Minor  offsets  in  marker  beds  exist  up  to  30  feet  from  the 
intensely  sheared  zone  in  Tl  (Figure  3a).  Shears  within  the 
fault  zone  were  oriented  northwest  and  dipped  steeply  toward 
the  northeast. 

Conclusive  evidence  of  faulting  was  not  observed  in  T3,  but 
an  anomalous  feature  was  observed  within  the  Santa  Clara 
bedrock  beneath  1 1  feet  of  colluvium  (Figure  3b).  A  large 
block/boulder  of  cemented  greenish-gray  sandstone,  dissimilar 
to  adjacent  bedrock  materials,  was  bounded  on  either  side  by 
plastic  sheared  clays.  This  "displaced"  block  and  the  lithologi- 
cally  different  layers  of  Santa  Clara  bedrock  on  either  side  of 
this  sandstone  block  indicate  faulting.  The  overlying  wedge  of 
colluvium  was  not  offset,  however.  Conclusive  fault  evidence 
was  encountered  to  the  south  in  T4,  located  along  the  projec- 
tion  of  the  photolineament  (Figure  2). 
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Santa  Clara  Formation 
Montaray  Formation 
Berryessa  Formation 


Geologic  Contact,  dashed  whara  approximate; 

doltad  whara  concealed. 
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— — •••     Fault  Trace,  daahad  where  approximate;  dltted 
where  concealed;  U  -  uplhrown 
block;  O  •  downlhrown  block. 
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Cd  Closed  depression 
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TRENCH  6 
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TRENCH  11 


TRENCH  3 
TRENCH  4 


Figure  2a.  Site  geology  of  northern  parcel  of  study  area  showing 
trench  locations.  Base  map  from  Earth  Systems  Consultants  (1990d). 


TRENCH  12 


SHEAR  ZONE 


Figure  2b.  Site  geology  of  southern  parcel  of  study  area  showing 
trench  locations.  Base  map  from  Earth  Systems  Consultants  (1991). 
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Figure  3A.   Partial  log  of  Trench  1  showing  fault  zone. 
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Figure  3B.   Partial  log  of  Trench  4  showing  fault  zone. 
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Figure  3C.   Partial  log  of  Trench  9  showing  fault  zone. 
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Figure  3D.   Log  of  Trench  11  showing  fault  zone. 
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As  part  of  other  studies  (ESC  1990a,  c,  1991),  the  fault  was 
exposed  across  the  southern  parcel  in  a  series  of  eight  trenches 
(T5  through  T12).  In  T5  through  T8,  the  character  of  the  fault 
was  similar  to  that  exposed  in  Tl  through  T4,  being  wholly 
within  the  Santa  Clara  Formation.  It  had  a  variable  zone  of 
deformation  about  a  single  trace  and  predominantly  normal  or 
high-angle  reverse  displacement.  Exposures  in  T6  and  T7 
were  further  complicated  by  numerous  fractures  and  displace- 
ments caused  by  landsliding  originating  farther  to  the  east.  A 
second  fault  splay  and/or  an  abrupt  widening  of  the  fault  zone 
was  encountered  to  the  south,  in  trenches  T9  through  T12.  The 
two  splays  diverge  from  the  single  fault  trace  south  of  T8 
^Figure  2).  The  eastern  splay  has  a  more  northwesterly 
Drientation  (N20°to  35°W)  than  the  western  splay,  which  has  a 
north-south  orientation. 

Trenches  T9  through  T12  were  excavated  within  a  previous- 
y  quarried  area,  where  an  estimated  overburden  of  15  to  20 
eet  has  been  removed.  In  trench  T9,  the  fault  zone  is  entirely 
within  the  Santa  Clara  Formation  (Figure  3c).  Trench  T10, 
excavated  approximately  30  feet  to  the  south,  exposed  a  fault 
contact  between  contorted  bedrock  of  the  Monterey  Formation 
)n  the  west  and  Santa  Clara  Formation  bedrock  on  the  east 
ilong  the  western  splay.  A  similar,  but  more  pronounced 
elationship  was  exposed  in  Til.  In  Til,  the  western  splay  is 
narked  by  a  Y-shaped  flower  structure  emanating  from  a 
single  shear  at  the  bottom  of  the  trench  (Figure  3d).  The 
southward  extension  of  the  western  splay  was  identified  in 
T12  where  it  forms  an  approximate  10-foot-wide  shear  zone  in 
he  Monterey  Formation. 

The  eastern  splay,  exposed  in  T9  through  Til,  was  charac- 
erized  by  a  steep,  northeast-dipping  shear  zone  approximately 
>  to  10  feet  wide  within  the  Santa  Clara  Formation.  This  trace 
vas  not  exposed  in  T12,  indicating  increased  divergence  from 
he  western  splay  on  the  order  of  100±  feet.  The  location  of 
'he  eastern  splay  can  be  traced  farther  to  the  south  from 
exposures  in  the  mid-level  quarried  walls  where  it  locally 
Coincides  with  a  steep  (elevation)  drop  in  a  contact  between 
vlonterey  and  Santa  Clara  materials.  Exposures  of  the  fault 
vere  not  observed  in  the  lower  quarry  walls,  where  possible 
exposures  have  been  obscured  by  reworking  of  the  slopes  and 
dacement  of  fills. 


The  degree  of  apparent  vertical  offsets  along  these  fault 
graces  varies  from  trench  to  trench.  Measurable  offsets  from 
raceable  marker  beds  are  on  the  order  of  several  inches  to  a 
ew  feet.  Juxtaposition  of  Santa  Clara  and  Monterey  forma- 
ions  against  each  other  in  the  southern  part  of  the  study  area 
e.g.,  T9,  T10,  Til)  could  imply  vertical  offsets  on  the  order 
f  several  tens  of  feet,  locally. 


COMPARISON  OF  FAULT 
CHARACTERISTICS 

The  character  and  expression  of  the  Hayward  fault  varies 
throughout  its  length.  The  Hayward  fault  zone  from  Fremont 
to  Mt.  Misery  has  three  segments;  northern,  central,  and 
southern,  based  on  style  of  faulting  (Bryant,  1982).  The 
northern  segment,  which  extends  from  Warm  Springs  through 
Fremont,  is  a  linear  feature  characterized  by  a  narrow  zone  of 
right-lateral  strike-slip  faults  trending  approximately  N35°W. 
The  central  segment,  which  includes  the  study  area,  is  a 
relatively  linear,  near-vertical  feature  that  becomes  "a  N45°W- 
trending  zone  of  predominantly  reverse -oblique-slip  faults  that 
are  extremely  complex,  distributive,  and  generally  poorly 
defined."  The  southern  segment  is  similar  to  the  northern 
segment. 

The  subsidiary  fault  we  describe  in  this  study  trends 
approximately  S40°E  from  the  main  trace  of  the  Hayward 
fault  in  the  northwestern  corner  of  the  study  area  and  displays 
a  predominantly  normal  or  high-angle  reverse  offset  with 
some  oblique  (strike-slip)  movement  with  the  west  side  up 
relative  to  the  east.  This  style  of  faulting  is  unlike  that 
generally  ascribed  to  the  Hayward  fault  in  the  central  segment, 
in  which  the  rocks  on  the  east  side  of  the  fault  typically  have 
moved  up  relative  to  the  west. 

The  sense  of  movement  along  this  subsidiary  trace  is  not 
reflected  in  the  present  geomorphology,  with  the  exception  of 
two  closed  depressions  in  the  northern  part  of  the  study  area. 
Farther  to  the  south,  there  is  a  general  lack  of  fault-related 
geomorphic  features.  The  trend  of  the  fault  splay  does, 
however,  approximate  the  side  scarps  and  head  scarps  of 
several  landslides  in  the  area,  and  may  be  partially  responsible 
for  their  formation.  The  general  lack  of  fault  geomorphology 
suggests  a  relative  antiquity  to  this  splay  compared  to  the 
more  active  "main"  trace  farther  to  the  west. 

FAULT  ACTIVITY  STATUS 

The  activity  status  of  the  subsidiary  fault  splay  could  not  be 
determined  unequivocally  due  to  the  actively  creeping  soils  on 
the  slopes  and  the  lack  of  a  well-developed  soil  profile.  Slight 
changes  in  topsoil  thicknesses  were  observed  in  some  trenches 
in  the  vicinity  of  the  fault  splay,  but  shears  could  not  be  traced 
into  these  soil  units  with  confidence.  Due  to  the  lack  of 
datable,  undisturbed  soil  horizons,  active  or  inactive  status  of 
this  fault  trace  could  not  be  determined.  The  consultants  and 
the  reviewer  agreed  that  a  "Potentially  Active"  status  be 
assigned  to  this  fault,  because  it  has  displaced  1  to  2  million 
year  old  (Pleistocene)  Santa  Clara  Formation. 
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Figure  4.  Example  of  Development  Plan  showing  fault  setback  zone. 


According  to  Hart  (1992),  "potentially  active"  faults  show 
evidence  of  surface  displacement  during  Quaternary  time  (last 
1.6  million  years).  He  further  states  that  the  term  "potentially 
active"  is  no  longer  used  as  a  criterion  for  zoning  of  faults.  In 
1975  a  policy  decision  was  made  to  zone  only  those  potential- 
ly active  faults  that  have  a  relatively  high  potential  for  ground 
rupture.  The  present  criteria  is  to  zone  those  faults  that  are 
"sufficiently  active"  and  "well-defined."  Using  Hart's  (1992) 
definition  of  these  terms,  the  fault  splay  in  the  study  area 
would  not  be  considered  "sufficiently  active"  but  would  be 
considered  "well-defined." 

Taking  into  account  the  well-defined  nature  of  the  subsidiary 
fault  and  the  lack  of  evidence  for  the  age  of  the  most  recent 
displacement,  a  prudent  approach  was  taken  when  defining 
this  trace  as  potentially  active.  Because  the  fault  was  well 
defined  by  subsurface  exploration  in  the  proposed  develop- 
ment areas,  a  minimum  building  setback  of  25  feet  was 
established  on  either  side  of  the  shear  zone  (Figure  4). 


GEOLOGIC  IMPLICATIONS 

The  relationship  between  the  subsidiary  fault  and  the  main 
trace  of  the  Hayward  fault  is  not  clearly  understood.  It  is 
apparent  that  the  newly  identified  trace  splays  off  the  main 
trace  in  the  northwestern  part  of  the  study  area,  and  strikes 
parallel  to  the  trend  (N40°  to  45°  W)  of  other  fault  traces 
mapped  in  this  area.  The  sense  of  offset  (normal  or  high-angle, 
reverse  with  the  west  up  relative  to  the  east)  along  this  splay  i; 
dissimilar  to  that  displayed  by  other  traces  associated  with  the 
Hayward  fault.  This  subsidiary  fault  could  be  a  portion  of  a 
proto-Hayward  main  trace  that  developed  at  an  earlier  stage 
in  the  evolution  of  the  fault  zone.  The  lack  of  fault  evidence 
along  trend,  south  of  Scott  Creek,  implies  the  possible 
existence  of  a  right-lateral  cross  fault  within  the  vicinity  of  th« 
creek  which  has  displaced  this  subsidiary  trace  from  the  main 
fault  zone  farther  to  the  west.  It  is  equally  possible  that  this 
trace  could  be  one  of  many  discontinuous  subsidiary  traces 
which  have  been  created  by  past  stress-releasing  adjustments 
within  this  complex  segment  of  the  Hayward  fault  zone. 
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CONCLUSIONS 

A  subsidiary  fault  associated  with  the  Hayward  fault  has 
been  identified  in  southern  Alameda  County.  This  single  splay 
branches  from  the  main  fault  trace  in  the  north  and  continues 
1-3/4  miles,  at  S40°E,  to  the  Fremont/Milpitas  city  boundary. 
Subsurface  evidence  of  faulting  was  identified  in  12  trenches 
excavated  across  a  faint  lineament,  previously  identified  on 
high  altitude  aerial  photographs.  The  fault  displays  an 
apparent  normal  or  high-angle  reverse-oblique-slip  with  the 
west  (downhill)  side  up  relative  to  the  east  (uphill)  side.  Near 
the  southern  end  of  the  study  area,  the  fault  is  characterized  by 
two  diverging  splays  which  bound  a  relatively  wide  shear 
zone.  Apparent  vertical  offsets  vary  from  several  inches  to 
possibly  tens  of  feet  locally  along  the  fault. 


The  activity  status  of  the  fault  could  not  be  determined  due 
to  actively  creeping  slopes  and  the  lack  of  a  well-developed 
datable  soil  profile.  The  consultants  and  the  reviewer  agreed 
that  the  fault  should  be  considered  potentially  active  and  that 
a  minimum  25-foot-wide  building  setback  be  established 
about  the  identified  shear  zones. 
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ABSTRACT 

The  identification  of  reliable  short-  and  intermediate-term  precursors  to  damaging  earthquakes 
remains  a  critical  challenge  to  the  earthquake  hazard  reduction  program.  To  this  end,  we  are  installing 
a  focused  earthquake  monitoring  experiment  on  the  southern  segment  of  the  Hayward  fault.  Instru- 
ments to  be  used  in  this  experiment  include,  dilational  strainmeters,  tensor  strainmeters,  water  well 
monitors,  creepmeters,  continuous  GPS  displacement  monitors,  seismic  velocity  and  acceleration 
transducers.  The  borehole  array  of  eight  to  ten  sites,  is  located  between  San  Leandro  and  Milpitas  with 
most  sites  at  distances  from  2  km  to  7  km  from  the  Hayward  Fault.  Data  are  transmitted  to  Menlo  Park 
via  digital  satellite  telemetry.  The  instrument  package  (strainmeter,  seismometer  and  acclerometer)  at 
each  site  is  installed  at  a  depth  of  about  200  m  where  the  measurement  precision  is  about  20  dB  below 
that  of  near-surface  installations  and  short-term  changes  in  strain  of  less  than  one  part  per  billion  (ppb) 
can  be  identified.  Continuous  GPS  displacement  monitors  are  installed  near  the  north  end  of  the  array. 
Surface  fault  displacement  is  being  monitored  initially  with  three  creepmeters  installed  in  the  City  of 
Hayward.  The  overall  array  design  was  influenced  by  the  form  and  amplitude  of  strain  and  displace- 
ment fields  calculated  from  simple  dislocation  models  of  possible  damaging  earthquakes  that  might 
occur  on  either  the  southern  segment  of  the  Hayward  fault,  or  on  the  Calaveras  fault. 


INTRODUCTION 

The  U.S.  Geological  Survey,  in  cooperation  with  several 
scientific  institutions,  is  installing  a  variety  of  seismic  and 
deformation  monitoring  instruments  at  selected  sites  along  the 
southern  segment  of  the  Hayward  Fault  (Figure  1).  The 
coordinated  instrument  array  is  installed  in  deep  boreholes  a 
few  kilometers  from  the  fault  to  capture  the  initiation  of  fault 
failure  at  depths  where  earthquakes  occur.  We  measure  ground 
strain,  heat  flow  water  level,  seismic  velocity,  seismic 
acceleration,  and  underground  temperature.  Instruments 
installed  at  depths  between  150-m  and  300-m  send  continuous 
data  to  monitoring  computers  at  the  USGS  West  Region 
Headquarters  in  Menlo  Park. 


The  magnitude  of  expected  earthquakes  in  this  region  is  an 
important  issue.  The  "size"  of  an  earthquake  can  best  be 
described  by  a  parameter  called  the  seismic  moment.  Seismic 
moment,  M,  is  given  (Aki,  1987)  by: 

M=\xSLW 

where  u.  is  the  shear  modulus,  S  is  the  amount  of  slip,  L  is 
the  rupture  length,  and  W  is  the  rupture  width.  The  seismic 
moment  is  related  to  the  local  magnitude  ML  by; 

ML  =  0.66  logA/+ 10.6 

If  the  Hayward  fault  ruptured  between  San  Leandro  and 
southeastern  Fremont  L=30  km),  to  a  depth  of  10  kilometers 
(W=  10  km),  with  1  meter  of  slip  (S=l  m),  this  would  produce 
an  earthquake  between  M  6.5  and  7.  The  distribution  of  earth- 
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Figure  1 .  Earthquakes  located  in  the  San  Francisco  Bay  area  between  1969  and  1989  shown  in  map  view  in  the  upper  plot  and  in 
crossection  in  the  lower  plot.  The  hatched  area  in  the  bottom  plot  shows  the  30-km  long  region  chosen  for  intensive  study. 
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quakes  on  the  fault  plane  (Figure  1,  lower  plot)  suggests  that 
.uch  an  earthquake  would  fill  the  apparent  gap  in  seismicity  in 
his  region  (Figures  1  and  2).  An  alternate  scenario  might  in- 
volve a  series  of  magnitude  5  to  6  earthquakes,  with  more  than 
50  magnitude  5.5  earthquakes  being  required  to  produce  the 
;ame  moment  release  as  one  magnitude  6.5  earthquake. 

Large  earthquakes  should  be  preceded  by  changes  in  crustal 
stress  and  strain  in  the  epicentral  region  (Mogi,  1985).  Al- 
hough  some  intriguing  indications  of  impending  fault  failure 
lave  been  reported  (Rikitake,  1976;  Mogi,  1985;  Kanamori 
ind  Cipar,  1974;  Linde  and  others,  1988),  these  signals  are  not 
outinely  observed.  Instrument  sensitivity  has  increased  and 
he  effects  of  near-surface  earth  noise  have  been  dramatically 
educed  (Sacks  and  others,  1971;  Wyatt  and  others,  1982),  but 
quantification  of  "precursive"  strain  and  tilt  changes  and  iden- 
ification  of  the  underlying  physics  of  failure  have  proven 
llusive  (Johnston  and  others,  1987).  Arrays  of  borehole  instru- 
nents  have  been  installed  in  Japan  [see  summary  of  the  Japa- 
lese  Program  in  Mogi  (1981a)]  and  at  several  critical  loca- 
l  ions  within  the  San  Andreas  fault  system  (Johnston  and  oth- 
ers, 1987)  to  clarify  this  issue.  The  southern  Hay  ward  fault  has 
)een  chosen  as  another  of  these  critical  locations. 
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Figure  2.  Location  of  proposed  borehole  strainmeter  (triangles),  borehole  seismometers,  water  well  (circles), 
and  continuous  fault  creep  monitoring  sites  (squares)  along  the  Hayward  Fault.  Sites  with  three-component 
borehole  seismometers  already  installed  are  shown  as  open  circles  within  the  borehole  triangles. 


We  have  already  completed  the  initial  drilling,  installation  of 
downhole  seismometers,  and  part  installation  of  the  downhole 
strainmeters.  We  have  measured  heat  flow,  determined 
borehole  lithology,  and  obtained  samples  of  the  core.  In  this 
paper,  we  discuss  the  likely  sequence  of  events  that  could  lead 
to  failure  of  the  Hayward  fault.  We  have  calculated  the 
expected  displacements  and  strains  at  points  around  the 
Hayward  fault  for  events  with  magnitudes  4,  5,  6,  and  6.5. 

INSTRUMENTATION 

In  expectation  of  a  moderate  to  large  magnitude  earthquake 
in  the  East  Bay,  possibly  on  the  southern  segment  of  the 
Hayward  fault  or  on  the  Calaveras  fault,  seven  deep  borehole 
dilational  strainmeters,  six  3-component  borehole  seismo- 
meters, two  tensor  strainmeters,  several  creepmeters  and 
monitored  water  wells  are  being  installed  along  the  southern 
Hayward  fault  in  1992  (Figure  2).  Also  shown  on  Figure  2 
(open  squares)  are  the  locations  of  earthquakes  with  magni- 
tude greater  than  4  that  have  occurred  in  this  region  since 
1969. 

Strainmeters  are  instruments 
designed  to  detect  minute 
ground  deformation  (to  better 
than  one  part  per  billion)  by 
measuring  relative  expansion 
or  contraction  of  the  strainme- 
ter anchor  points.  While  the 
dilational  strainmeters  measure 
change  in  volumetric  strain 
(Sacks  and  others,  1971),  the 
tensor  strainmeters  monitor 
strain  in  three  independent 
directions  (Gladwin,  1984).  To 
avoid  cultural  and  other  noise 
at  the  earth's  surface,  both 
types  of  straimeters  are 
permanently  cemented  in  the 
bottom  of  boreholes  with 
special  expansive  grout. 

Creepmeters  continuously 
measure  fault  movement  or 
slippage  that  occurs  aseismi- 
cally  -  sometimes  smoothly 
and  sometimes  in  episodes. 
The  instrument  consists  of  a 
buried  wire,  10  to  30  m  long, 
anchored  at  one  end  but  free  to 
move  through  monitoring 
devices  at  the  other  (Schultz 
and  Burford,  1979).  Three 
creepmeters  are  currently 
installed  across  the  Hayward 
fault  in  downtown  Hayward. 
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Changes  in  ground  strain  either  squeeze  or  stretch  under- 
ground water  reservoirs  and  cause  the  water  level  in  wells  to 
rise  or  fall  much  like  water  in  the  neck  of  a  water-filled 
balloon.  By  precisely  monitoring  the  water  level  with  pressure 
transducers,  indications  of  dilational  strain  changes  in  the 
surrounding  region  can  be  detected. 

The  dilational  and  tensor  strainmeters  used  in  this  study  will 
be  installed  at  depths  of  about  200-m  below  the  surface 
(Figure  2)  and  operate  at  sensitivities  of  better  than  10"10  and 
10"9,  respectively.  The  sensors  are  cemented  in  boreholes  with 
expansive  grout  and  each  borehole  is  then  filled  to  the  surface 
with  cement  to  avoid  long-term  strain  changes  due  to  hole 
relaxation  effects  and  re-equilibration  of  the  aquifer  system. 

The  strain,  creep  and  water  level  data  are  transmitted  with 
16-bit  and  12-bit  digital  telemetry  through  the  GOES  satellite 
to  Menlo  Park  at  1  sample  every  10  minutes  (Silverman  and 
others,  1989).  Strain  and  seismic  data  will  be  recorded  on  site 
with  16-bit  digital  recorders  (Borcherdt  and  others,  1985).  The 
strain  sensors,  the  site,  and  the  telemetry  system  are  calibrated 
with  solid  earth  tides  corrected  for  ocean-load.  This  calibration 
is  repeatable  to  better  than  5%  and  has  remained  stable 
through  earthquakes  to  better  than  1%. 

NON-LINEAR  STRAIN  PRECEDING 
FAILURE 

Both  theoretical  models  (Kostrov,  1966;  Richards,  1976;  An- 
drews, 1976;  Freund,  1979;  Rice  and  Rudnicki,  1979;  Rice,  1983; 
Stuart,  1979;  Stuart  and  Mavko,  1979;  Das  and  Scholz,  1981; 
Rundle  and  others,  1984)  and  laboratory  observations  of  fault 
failure  (Dieterich,  1979;  Mogi,  1981b;  Mogi  and  others,  1982) 
indicate  that  non-linear  strain  precedes  rupture.  Thus,  detection  of 
these  strain  changes  should  lead  to  a  method  for  predicting  the 
dynamic  slip  instability  that  results  in  an  earthquake. 


It  is  not  clear  from  these  model  studies  and  laboratory 
measurements  whether  the  entire  rupture  zone  exhibits  non- 
linear behavior  (as  implied  by  "preparation  zone"  terminology 
(Sadovsky  and  others,  1972))  or  whether  a  small  region  of 
higher  strength  fails  and,  by  drawing  on  the  elastic  strain 
energy  in  the  region,  triggers  rupture  over  the  entire  zone.  In 
the  first  case,  arrays  of  sensitive  strain  and  tilt  instruments 
should  readily  detect  accelerating  deformation.  The  expected 
signals  have  an  easily  identifiable  form  (nonlinear  exponential 
strain  increase)  during  the  period  immediately  preceding 
rupture  initiation.  Also,  the  total  slip  moment  (preseismic, 
coseismic  and  post-seismic)  can  be  determined  when  each 
phase  of  the  rupture  process  is  identified.  In  the  second  case, 
failure  initiates  in  small  regions  of  high  strength  and  expands 
to  arbitrary  size  until  stopped  by  mechanical  or  geometrically 
strong  barriers.  Here,  detection  of  preseismic  slip  and,  more 
importantly,  prediction  of  the  final  rupture  size  is  difficult 
(Brune,  1979).  Unfortunately,  the  best  evidence  obtained 
during  the  past  10  years  indicates  that  the  latter  possibility 
occurs  in  strike  slip  regimes  in  California  and  in  thrust 
regimes  in  Japan  (Johnston  and  others,  1987) 

This  issue  is  further  complicated  where  faults  are  weak  as  a 
result  of  high  fluid  pressures.  This  results  either  from  low 
permeability  fault  zone  materials  (Byerlee  and  others,  1990) 
or  from  dynamic  injection  of  fluid  from  below  into  the  fault 
(Rice,  1992).  For  any  of  these  cases,  the  form  of  the  signal 
expected  during  the  final  stages  of  failure  should  be  that 
shown  in  the  Figure  3.  The  amplitude  of  this  signal  at  a 
particular  strainmeter,  ground  displacement  monitor  (GPS)  or 
water  well  monitor  will,  of  course,  depend  on  the  area  of  fault 
that  is  failing,  the  amount  of  nonlinear  strain  that  is  occurring, 
and  the  relative  location  of  the  instrument  with  respect  to  the 
failing  region. 
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Figure  3  Displacement  as  a  function  of  stress  during  loading  to  failure  of  crustal  rocks  (left  side).  Strain  within  these  rocks  as  a  function  of  time 
during  this  process  (see  Stuart,  1979).  The  parts  of  the  curve  A,  B,  and  C  represent  primary,  secondary,  and  tertiary  creep  in  the  rock  as  failure 
is  approached.  -  represents  the  period  after  which  non-linear  strain  is  first  detected. 
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Sgure  4a.  Maximum  principal  strain  EPI  in  nanostrain,  for  an  earthquake  of  M  6.0  using  the  parameters  shown  in  Table  1 .  The  contours  run  from 
,  3  to  10000  nanostrain  with  a  contour  interval  of  600  nanostrain. 


\ble  1-  Source  Parameters  for  Hayward  Earthquake  Models 


Parameter 

Magnitude  5 

Magnitude  6 

Magnitude  6.5 

*Depth  (krn) 

2 

1 

1 

Strike  (W  of  N) 

45 

45 

45 

Dip  (N  down) 

90 

90 

90 

Length  (km) 

7 

20 

30 

Width  (km) 

3 

IO 

8 

Slip  (m) 

0.05 

0.16 

I.00 

+Moment 

0.03 

I.O 

7.0 

Midpoint  of  top  edge. 

These  moments  have  units  of  1025dyne-cm. 


EXPECTED  STRAIN  AND 

DISPLACEMENT  SIGNALS  DURING 

EARTHQUAKES 

To  understand  the  form  and  amplitude  of  the 
expected  strain  and  displacement  signals,  we  have 
investigated  models  of  likely  earthquakes  that  could 
occur  on  the  southern  segment  of  the  Hayward  fault. 
This  information  also  helps  in  designing  the  array  of 
instruments  for  detection  of  these  signals.  We  have 
modeled  potentially  damaging  earthquakes  with 
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Figure  4b.  Minimum  principal  strain  EP2  in  nanostrain,  for  an  earthquake  of  M  6.0  using  the  parameters  shown  in  Table  1 .  The  contours  run  fror 
-10000  to  0.0  nanostrain  with  a  contour  interval  of  600  nanostrain. 
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Figure  4c.  Dilational  strain  in  nanostrain,  for  an  earthquake  of  M  6.0  using  the  parameters  shown  in  Table  1 .  The  contours  run  from  -4000  to  4000 
nanostrain  with  a  contour  interval  of  200  nanostrain. 
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Figure  4d.  Horizontal  East-West  surface  displacements  (in  centimeters)  for  an  earthquake  of  M  6.0  using  the  parameters  shown  in  Table  1 . 
Positive  numbers  represent  displacements  to  the  east.  Contours  run  from  -3.0  cm  to  3.0  cm  with  a  3.0  mm  contour  interval. 


magnitudes  5,  6,  and  6.5  that  could  occur  in  this  segment.  The 
events  are  modeled  as  uniform  slip  on  a  simple  rectangular 
fault  patch  using  Okada's  (1985)  formulation  for  the  surface 
deformations  due  to  a  dislocation  embedded  in  an  elastic  half 
space.  The  particular  parameters  used  for  these  models  are 
shown  in  Table  1. 

Figures  4a  through  4e  shows  the  maximum  principle  strain 
release  (EPI,  EP2),  dilational  strain  release,  North/South  and 
East/West  displacements  expected  in  the  Bay  Area  for  an 
earthquake  with  M  6.0.  For  this  earthquake  L  is  20  km,  the 


width,  W,  of  the  rupture  is  10  km  with  upper  edge  at  a  depth  ( 
1  km  and  the  amount  of  slip  is  16  cm.  The  moment  associate* 
with  this  event  is  1025  dyne-cm. 

Models  for  earthquakes  with  magnitudes  5  and  4  have 
moments  that  are  33,  and  1000  times  smaller,  respectively, 
than  that  for  the  magnitude  6.0  earthquake.  A  magnitude  6.5 
7  times  larger  than  the  magnitude  6.0.  While  all  of  these 
events  will  be  clearly  recorded  on  all  instruments  in  the 
strainmeter  array  only  the  largest  (M  6  and  M  6.5)  will  be 
detected  in  the  GPS  displacement  measurements. 
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Fjure  4e.  Horizontal  North-South  surface  displacements  (in  centimeters)  for  an  earthquake  of  M  6.0  using  the  parameters  shown  in  Table  1.  Positive 
rmbers  represent  displacements  to  the  north.  Contours  run  from  -3.0  cm  to  3.0  cm  with  a  3.0  mm  contour  interval. 


CONCLUSIONS 

[1]  A  prototype  earthquake  monitoring/prediction  experiment 
is  being  installed  along  the  southern  segment  of  the 
Hayward  fault  to  detect  strain,  ground  displacement  and 
ground  velocity  before  and  during  any  damaging  earth- 
quakes in  this  region.. 

[2]  The  experiment  has  been  optimized  to  detect  strains  and 
displacements  for  earthquakes  of  about  M  6  and  greater  and 
to  search  for  the  initiation  of  fault  failure  leading  to  these 
events. 


[3]  The  maximum  displacements  and  strains  expected  within  5 
km  of  the  Hayward  fault  will  exceed  20  cm  and  50  micros- 
train  (50  ppm),  respectively,  for  these  earthquakes. 

[4]  Ample  sensitivity  exists  with  the  borehole  strainmeters  to 
detect  precursive  strain  at  levels  below  5  parts  per  billion  (ie 
10,000  times  smaller  than  the  strain  occurring  with  these 
earthquakes).  Observations  along  other  active  sections  of 
the  San  Andreas  fault  (Johnston  and  others,  1987)  indicate 
that  strain  associated  with  small  earthquakes  and  aseismic 
fault  slip  will  be  observed  with  these  instruments  and  may 
indicate  the  initiation  of  larger  scale  fault  failure. 
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Seismicity  and  Faulting 
Near  the  Hayward  and  Mission  Faults 
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Ivan  G.  Wong  and  Mark  A.  Hemphill-Haley1 


ABSTRACT 

In  an  effort  to  understand  the  Mission  fault  and  its  relationship  to  the  Hayward  fault,  approximately  500 
earthquakes  recorded  from  1969-1989  were  relocated  and  a  geologic  reconnaissance  in  the  vicinity  of  the 
mapped  surface  trace  of  the  Mission  fault  was  performed.  Based  on  these  relocations  and  focal  mecha- 
nisms, the  Hayward  fault  from  Hayward  to  the  latitude  of  Mission  San  Jose  appears  as  a  7-km  deep, 
steeply  eastward-dipping  to  near-vertical  strike-slip  fault.  Southeast  of  Niles  Canyon,  the  principal 
surface  trace  of  the  fault  bends  about  10°  to  the  south  while  the  zone  of  seismicity  remains  on  a  southeast- 
erly trend.  This  suggests  that  the  Hayward  fault  splays  into  a  seismically  quiescent,  rapidly  creeping 
surface  trace  and  a  seismically  active,  previously  unidentified  buried  trace. 

Microseismicity  between  Mission  San  Jose  and  Mission  Peak  appears  to  image  a  4-5  km-long  vertical 
fault  between  the  depths  of  3  to  7  km.  The  seismicity  trend  appears  to  diverge  toward  the  east  away  from 
the  eastern  buried  trace  of  the  Hayward  fault  with  events  located  1  to  1.5  km  southwest  of  the  mapped 
location  of  the  Mission  fault.  We  believe  the  seismicity  previously  thought  associated  with  the  Mission 
fault  actually  occurs  on  a  possible  branch  fault  of  the  Hayward  fault.  Focal  mechanisms  are  consistent 
with  a  right-lateral,  strike-slip  fault.  Extending  southeastward  another  5-6  km  toward  Calaveras  Reser- 
voir, the  microseismicity  broadens  into  a  2-4  km-wide  diffuse  zone  also  confined  to  depths  of  3-7  km. 
Based  on  focal  mechanisms,  strike-slip,  normal  and  reverse  faulting  characterize  this  broad  zone. 

The  largest  earthquake  from  1969  to  1989  along  the  entire  zone  extending  from  Mission  San  Jose  to 
near  Calaveras  Reservoir  has  only  been  a  Richter  magnitude  (ML)  3.0.  Thus,  if  the  seismicity  within  this 
zone  (for  which  no  evidence  of  Holocene  surface  rupture  has  been  documented)  represents  a  transfer  of 
slip  from  the  Hayward  fault  to  the  Calaveras  fault,  as  previously  suggested,  the  cumulative  amount  is 
small  compared  to  that  expected  to  occur  in  a  future  1868-type  rupture  (M  6.8)  of  the  southern  Hayward 
fault. 


INTRODUCTION 

Following  the  21  October  1868  M  6.8  Hayward  earthquake, 
Lawson  (1908)  reported  observations  of  ground  cracking 
along  a  linear  trend  in  the  East  Bay  Hills  northwest  of  Mission 
Peak.  Subsequently,  the  Mission  fault  was  mapped  along  the 
western  base  of  the  East  Bay  Hills  near  Mission  San  Jose 
(Hall,  1958;  Dibblee,  1980)  with  the  ground  cracking  being 
associated  with  the  fault  (Radbruch-Hall,  1974).  Despite 
numerous  geologic  investigations,  however,  the  existence, 
location,  level  of  activity,  and  seismotectonic  role  of  the 
Mission  fault  in  the  East  Bay  have  been  controversial.  Much 


of  this  controversy  has  been  due  to  limited  exposures  of  the 
fault  and  the  absence  of  definitive  evidence  of  Holocene 
displacement.  Prior  to  this  study,  the  possibility  of  Holocene 
activity  along  the  Mission  fault  was  based  on  a  broad,  linear 
trend  of  microseismicity  that  roughly  coincided  with  the 
mapped  location  of  the  fault.  Aydin  and  Page  (1984)  suggest- 
ed that  the  Mission  fault  (and  Evergreen  fault)  may  transfer 
motion  from  the  microseismically  active  central  portion  of  the 
Hayward  fault,  between  Hayward  and  Fremont,  to  the 
Calaveras  fault  near  Calaveras  Reservoir.  However,  no 
moderate  to  large-magnitude  historical  earthquake  has  been 
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Figure  1 .  Faults  are  from  California  Division  of  Mines  and  Geology  Geologic  Map  of  California  series.  Location  of  Mission  fault  based  on 
Dibblee  (1980).  A-B  corresponds  to  the  ends  of  the  inferred  buried  trace  of  the  Hayward  fault  and  B-C,  the  branch  fault  which  is  semi-parallel 
to  the  Mission  fault. 


conclusively  associated  with  the  fault,  although  several  such 
events  have  occurred  in  this  portion  of  the  East  Bay. 

Because  the  Mission  fault  traverses  a  heavily-populated 
urban  area,  characterizing  its  seismogenic  potential  is  critical 
lor  seismic  hazards  assessments  in  the  southeastern  Bay  area. 
The  purpose  of  this  study  was  to  evaluate  the  seismicity 
between  the  City  of  Hayward  and  Calaveras  Reservoir  in  an 
effort  to  characterize  the  sources  and  possible  structural 
relationships  with  cither  mapped  or  unmapped  faults.  The 
study  area  encloses  the  Mission  fault  and  the  portion  of  the 
Hayward  fault  where  the  trend  of  seismicity,  reportedly 
associated  with  the  Mission  fault,  appears  to  splay  (Figure  1). 


GEOLOGIC  ASPECTS  OF 
THE   MISSION  FAULT 

The  Mission  fault  was  first  mapped  by  Hall  (1958)  on  the 
basis  of  anomalous  bedding  orientations  and  a  prominent 
linear  range  front  at  the  western  base  of  the  East  Bay  Hills 
from  about  5  km  north  of  Niles  Canyon  to  south  of  Mission 
Peak.  Hall  (1958)  depicted  the  fault  as  buried  by  Pleistocene 
terrace  deposits  near  Niles  Canyon.  Radbruch-Hall  (1974) 
mapped  a  linear  zone  of  seeps  and  landslide  scarps  at  the 
approximate  location  of  the  reported  1868  ground  cracks 
(Lawson,  1908)  in  the  hills  to  the  south  of  Mission  San  Jose. 
This  trend  of  seeps,  landslides,  and  coscismic  ground  crackinj 
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was  thought  to  be  related  to  the  Mission  fault.  The  location  of 
the  fault  has  also  been  a  point  of  contention;  Hall  (1958),  Hart 
(1979)  and  Dibblee  (1980)  mapped  the  surface  trace  of  the 
fault  in  the  East  Bay  Hills  south  of  Mission  San  Jose,  trending 
about  N45-50°W  while  Radbruch-Hall  (1974)  depicted  the 
fault  striking  about  N20°W.  Based  on  these  two  orientations, 
:he  fault  might  either  traverse  the  East  Bay  Hills  or  parallel  the 
-ange  front,  respectively.  Herd  (1977)  concluded  that  the 
inear  ground  cracking  of  Radbruch-Hall  (1974)  was  actually 
associated  with  reactivation  of  landslides  possibly  during 
strong  ground  shaking.  Hall  subsequently  stated  that  his 
evidence  for  the  fault  was  subjective  and  not  conclusive  and 
hat  the  steep  range  front  was  most  likely  a  fault-line-scarp 
vith  the  associated  fault  located  farther  to  the  west  (Wood- 
.vard-Clyde-Sherard,  1968).  Other  investigators  also  were 
jnable  to  identify  evidence  of  activity  even  after  trenching 
ilong  the  mapped  trace  of  the  fault  (Earth  Science  Associates, 
1988;  Woodward-Clyde-Sherard,  1968).  Thus,  although  the 
ault  had  been  previously  considered  active,  Hart  (1979) 
ecommended  the  fault  be  considered  inactive  due  to  lack  of 
lefinitive  evidence  for  Holocene  activity. 

Our  field  investigations  and  interpretations  of  aerial  photog- 
aphy  provide  additional  information  on  the  location  and 
xDtential  activity  of  faults  in  the  vicinity  of  the  trend  of 
nicroseismicity  near  Mission  San  Jose.  Because  of  the  close 
proximity  of  the  mapped  trace  of  the  Mission  fault  to  the  zone 
)f  microseismicity,  a  limited  geologic  reconnaissance  was 
conducted  to  assess  whether  possible  Holocene  fault-related 
features  could  be  identified  along  the  mapped  fault,  both  at  the 
vestern  base  of  the  range  front  north  of  Mission  San  Jose  and 
outhward  where  the  fault  is  mapped  in  the  hills.  In  addition, 
ve  looked  for  possible  fault-related  features  away  from  the 
napped  trace  that  might  be  associated  with  the  zone  of 
nicroseismicity.  We  were  unable  to  confirm  the  location  of 
he  Mission  fault  as  mapped  by  Hall  (1958)  and  Dibblee 
t'1980).  Although  a  steep,  range-front  escarpment  and  bedrock 
aults  are  present  north  of  Mission  San  Jose,  no  Holocene 
eatures  could  be  identified  consistent  with  their  mapped 
mentations  of  the  fault.  To  the  south  of  Mission  San  Jose,  a 
arge  landslide  complex,  as  described  by  Woodward-Clyde- 
Jherard  (1968),  Herd  (1977),  Hart  (1979)  and  Dibblee  (1980), 
xists  along  the  southward  projection  of  the  fault  concealing 
ny  evidence  of  recent  surface  rupture. 

Using  aerial  photographs  taken  in  1959,  1965,  1985,  and 
988,  we  identified  lineaments  consisting  of  tonal  contrasts, 
opographic  swales,  an  apparent  groundwater  barrier,  and  a 
•ossible  sag  pond  along  a  trend  of  N51°W  near  the  west 
KJrtion  of  the  Ohlone  College  campus  south  of  Mission  San 
ose.  Aerial  photographs  from  1959  and  1965  show  a  well 
lefined  zone  consisting  of  two  closely-spaced  lineaments  in 
n  orchard  that  is  now  occupied  by  the  campus  parking  areas. 
>outhwest  of  the  college,  the  apparent  fault  is  obscured  by  the 
arge  landslide  complex;  the  projection  of  the  lineament 
oughly  coincides  with  a  break  in  slope  near  the  landslide 


headscarp.  Northwest  of  Ohlone  College,  it  is  difficult  to 
identify  fault-related  features  because  of  substantial  residential 
development  as  early  as  1959. 

Thus,  the  location  and  activity  of  the  Mission  fault  are  still 
uncertain.  However,  airphoto  analysis  and  geologic  recon- 
naissance suggest  that  possible  Holocene  fault-related  features 
do  occur  in  the  vicinity  of  the  Mission  fault  south  of  Mission 
San  Jose. 

ANALYSIS  OF  CONTEMPORARY 
SEISMICITY 

Many  investigators  performing  fault  evaluations  in  Califor- 
nia have  associated  seismicity  with  mapped  faults  (and  thus 
considered  them  active)  if  epicenters  occur  within  a  few 
kilometers.  However,  in  recent  years,  as  seismographic 
networks  and  seismological  data  analysis  techniques  improved 
and  detailed  crustal  velocity  information  became  available,  an 
increasing  number  of  cases  have  revealed  substantial  "off- 
fault"  seismicity  away  from  the  major  mapped  faults.  Be- 
cause of  the  location  uncertainties  of  historical  earthquakes  as 
well  as  earthquakes  recorded  since  the  installation  of  the  dense 
U.S.  Geological  Survey  (USGS)  networks  in  California, 
evaluations  of  relationships  between  seismicity  and  known 
faults  should  consider  these  uncertainties  and  incorporate  focal 
mechanism  data. 

An  objective  of  this  study  was  to  refine  the  hypocentral 
locations  of  earthquakes  in  the  study  area  using  a  local  crustal 
velocity  model  and  to  determine  focal  mechanisms.  Based  on 
this  analysis,  more  accurate  assessments  are  made  regarding: 
(1)  the  spatial  characteristics  of  earthquakes  in  the  study 
region;  (2)  the  style  and  orientation  of  seismogenic  faulting; 
(3)  the  possible  association  of  earthquakes  with  faults;  and  (4) 
the  nature  of  tectonic  stresses  in  the  region. 

Data  Analysis 

Approximately  500  earthquakes  have  occurred  from  mid- 
1969  through  mid-1989  within  the  study  area  as  recorded  by 
the  USGS  Central  California  network  (Figure  1).  These 
earthquakes  were  relocated  using  the  computer  program 
HYPOELLIPSE  (Lahr,  1984)  and  a  velocity  model  for  the 
East  Bay  developed  by  Dietz  and  Ellsworth  (1990)  in  their 
analysis  of  the  1989  Loma  Prieta  aftershocks.  Station  delays 
based  on  37  well-recorded  and  well-distributed  "calibration" 
earthquakes  (greater  than  approximate  Richter  magnitude  ML 
2.8)  were  determined  by  iteratively  incorporating  the  average 
station  residuals  until  the  changes  in  the  root-mean-square 
(rms)  errors  were  minimized.  The  use  of  station  delays 
improves  the  relative  locations  of  the  earthquakes  but  may  not 
remove  absolute  location  errors. 

P-wave  arrival  times  from  USGS  stations  within  a  60  km 
epicentral  distance  were  used  in  the  locations.  More  distant 
stations  were  not  used  to  minimize  departures  from  the  crustal 
velocity  model.  After  arrival  times  with  large  residuals  (>0.20 
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Figure  3.  Cross-sections  of  seismicity  in  the  left-stepover  area:  (a)  Mission  San  Jose  to  Mission  Peak;  and  (b)  Mission 
Peak  to  Monument  Peak.  In  cross-section  (a),  the  arrow  indicates  the  mapped  location  of  the  Mission  fault. 


ec)  were  deleted  from  the  location  solutions,  generally  any 
:vent  with  fewer  than  7  arrivals  was  removed  from  the  final 
lata  set.  The  average  rms  error  of  the  relocated  earthquakes 
vas  0.07  sec  compared  to  an  average  error  of  0.10  sec  for  the 
>riginal  USGS  locations.  The  epicentral  standard  errors 
ERH)  of  the  relocated  events  were  1 .0  km  or  less  for  92%  of 
he  events.  Any  event  with  an  ERH&2.0  km  was  deleted.  The 
Inal  data  set  consisted  of  449  earthquakes  including  the  37 
•alibration  events. 

Fifty-nine  blasts  at  the  Coyote  Hills  quarry  (Figure  1)  were 
ilso  located  to  test  the  relocation  procedure.  A  tightly-located 
rluster  of  blasts  was  centered  less  than  1  km  from  the  actual 
juarry  location.  Comparison  of  the  relocated  events  with  the 
)riginal  USGS  locations  shows  the  former  to  exhibit  more 
larrowly-defined  linear  zones  of  epicenters  and  increased 


clustering  of  events.  This  analysis  and  the  small  rms  errors 
and  ERHs  suggest  that  the  majority  of  relocated  epicenters 
have  an  epicentral  accuracy  of  better  than  ±  1km.  Computed 
focal  depths  have  an  estimated  average  uncertainty  of  less 
than  ±2  km. 

Focal  mechanisms  for  all  calibration  events  with  at  least  30 
first  motions  were  determined  using  the  computer  program 
FPFIT  (Reasenberg  and  Oppenheimer,  1985). 

RESULTS  AND  GEOLOGIC  IMPLICATIONS 

Seismicity  based  on  the  relocated  events  is  concentrated 
near  the  Hayward  and  Mission  faults  as  previously  observed 
(e.g.,  Ellsworth  and  others,  1982).  Along  the  Hayward  fault 
from  Hayward  to  the  latitude  of  Mission  San  Jose,  a  well- 
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Figure  4.  P-wave  focal  mechanisms  determined  in  this  study.  All  are  equal-area  projections  of  the  lower  hemisphere.  Focal  depths  (z)  and 
magnitudes  (M)  are  also  shown.  Pluses  and  circles  denote  compressional  and  dilatational  first  motions,  respectively. 


defined  7  km-deep,  steeply-eastward  dipping  to  nearly-vertical 
fault  is  apparent  (Figures  1  and  2).  Focal  mechanisms  (e.g.,  2, 
8,  and  30)  are  generally  consistent  with  a  northwest-striking 
right-lateral  strike-slip  fault  (Figures  4  and  5).  Mechanisms 
12  and  32,  however,  also  indicate  that  some  events  located 
close  to  the  Hayward  fault  are  the  result  of  rupture  along 
adjacent  reverse  and  left-lateral  strike-slip  faults. 

Interestingly,  the  seismicity  between  Hayward  and  Mission 
San  Jose  maintains  a  southeasterly  strike  in  contrast  to  the 
mapped  trace  of  the  Hayward  fault  which  bends  10°  to  a  more 
southerly  trend  southeast  of  Niles  Canyon  (Figure  1).  This 
suggests  the  possibility  of  a  seismically-active  buried  trace  of 
the  Hayward  fault  located  east  of  its  mapped  trace.  Multiple 
active  traces  of  the  Hayward  fault  are  not  unusual;  in  several 
areas  along  the  fault,  two  to  three  parallel  surface  traces  are 
observed  although  they  may  merge  at  depth.  Seismicity  is 
nearly  absent  along  the  main  surface  trace  southeast  of  Niles 
Canyon  suggesting  that  it  may  be  locked  at  depth  although 


this  section  exhibits  the  highest  surficial  creep  rate  (9  mm/yr) 
of  anywhere  along  the  fault  (Lienkaemper  and  others,  1991) 
(Figure  1). 

The  largest  earthquake  along  this  stretch  of  the  Hayward 
fault  and  the  second  largest  along  the  whole  fault  during  the 
1969  to  1989  period  was  a  ML  4.4  event  on  3  March  1981 
near  Fremont  (Figures  1  and  2a).  The  event  was  widely  felt, 
causing  rockslides  in  Niles  Canyon.  The  focal  mechanism 
(14)  exhibits  right-lateral  strike-slip  faulting  on  a  steeply 
eastward-dipping  plane  (Figures  4  and  5). 

The  cluster  of  events  west  of  the  mouth  of  Niles  Canyon 
appears  to  be  the  result  of  both  right-lateral  strike-slip  faulting 
along  the  buried  trace  of  the  Hayward  fault  (e.g.,  focal 
mechanisms  5,  23,  and  33)  and  probably  along  north-striking 
faults  oblique  to  the  Hayward  fault  as  indicated  by  focal 
mechanisms  such  as  13,  19,  and  20  (Figures  1  and  5).  Several 
epicenters  also  exhibit  a  north-northeast  trend  (Figure  1). 
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Southeast  of  Mission  San  Jose,  the  seismicity  diverges  from  the 
possible  buried  trace  of  the  Hayward  fault  along  a  trend  semi- 
parallel  with  the  Mission  fault.  However,  the  epicenters  are 
located  1  to  1.5  km  southwest  of  the  mapped  trace  of  the  fault 
(Figure  1).  The  microearthquakes  along  this  4-5  km-long  zone 
from  near  Mission  San  Jose  to  Mission  Peak  define  a  nearly- 
vertical  fault  between  the  depths  of  3  to  7  km  (Figure  3a).  This 


contrasts  with  the  seismicity  along  the  possible  buried  trace  of 
the  Hayward  fault  which  extends  nearly  to  the  surface.  The 
absence  of  seismicity  in  the  uppermost  3  km  of  the  crust  is 
difficult  to  explain.  No  aseismic  creep  has  been  reported  at  the 
surface  along  this  seismicity  trend,  as  is  the  case  for  portions  of 
the  Hayward  fault,  which  also  exhibit  few  microearthquakes 
above  a  depth  of  3  km  (Lienkaemper  and  others,  1991). 
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igure  5.  Map  of  schematic  focal  mechanisms  in  the  study  area.  Mechanisms  are  numbered  as  shown  in  Figure  4.  Inward  and  outward  arrows 
jpresent  horizontal  projections  of  P  and  T  axes,  respectively.  Shaded  areas  are  compressional  quadrants. 
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Focal  mechanisms  (e.g.  21,  27,  28)  are  consistent  with  a 
right-lateral  strike-slip  fault  (Figures  4  and  5).  Ellsworth  and 
others  (1982)  noted  a  possible  association  between  this  planar 
zone  of  seismicity  and  the  Mission  fault  although  the  relation- 
ship was  not  clearcut  due  to  the  lack  of  geologic  evidence  of 
recent  movement. 

Based  on  these  results,  we  believe  the  seismicity  southeast 
of  Mission  San  Jose  defines  a  previously  unidentified  short 
branch  fault  associated  with  the  Hayward  fault  located 
adjacent  to  but  southwest  of  the  mapped  trace  of  the  Mission 
fault  (Figure  1).  This  observation  suggests  that  the  Mission 
fault,  as  presently  located,  is  not  currently  seismogenic  or  at 
least,  not  nearly  as  microseismically  active  as  earlier  epicen- 
tral  locations  have  suggested.  As  observed  elsewhere  along 
the  Hayward  fault,  reverse  faulting  (e.g. ,  focal  mechanism  10) 
also  occurs  in  the  vicinity  of  this  branch  fault. 

Further  to  the  southeast  along  this  zone  of  seismicity,  the 
microearthquake  activity  broadens  into  a  diffuse  2-4  km-wide 
zone  (Figure  1).  Seismicity  in  this  zone  near  Monument  Peak 
is  also  confined  to  depths  of  3  to  7km  (Figure  3b).  Focal 
mechanisms  display  right-lateral  strike-slip,  reverse  and 
normal  faulting  suggesting  varied  deformation  along  multiple 
faults  within  the  broad  zone  (Figures  4  and  5). 

Andrews  and  others  (1992)  characterize  this  area  centered 
on  Mission  Peak  as  a  left-stepover  between  the  Hayward  and 
Calaveras  faults.  They  and  Ellsworth  and  others  (1982) 
suggest  the  attendant  compressive  stresses  are  accommodated 
by  buried  thrust  and/or  reverse  faults.  Reverse-faulting  focal 
mechanisms  such  as  1,  10,  and  25  (Figures  4  and  5)  are 
consistent  with  this  hypothesis. 

The  largest  earthquake  during  the  1969  to  1989  period  along 
the  entire  zone  extending  from  Mission  San  Jose  to  near 
Calaveras  Reservoir  has  only  been  a  ML  3.0.  Thus,  if  the 
contemporary  microseismicity  within  this  zone  (which  has  no 
documented  evidence  of  associated  Holocene  surface  rupture) 
represents  a  transfer  of  slip  from  the  Hayward  fault  to  the 
Calaveras  fault,  the  amount  is  small  compared  to  that  expected 
in  a  future  1868-type  rupture  (M  6.8)  of  the  southern  Hayward 
fault.  Although  the  occurrence  of  larger  events  along  the  zone 
is  possible,  Andrews  and  Oppenheimer  (1992)  suggest  that 
stress  could  be  released  by  a  M  6  to  6-1/2  earthquake  occur- 
ring on  a  buried  thrust  or  reverse  fault  in  the  left-stepover 
rather  than  the  strike-slip  faults  imaged  by  the  contemporary 
seismicity. 

Of  the  33  focal  mechanisms  determined  in  this  study,  19 
exhibit  predominantly  strike-slip  faulting,  12  are  reverse 
faulting  and  2  are  normal  faulting  (Figure  4).  The  strike-slip 
faulting  on  north-trending  faults  and  reverse  motion  on 
northwest-trending  planes  reflect  the  nature  of  the  tectonic 
stress  field  in  central  California,  which  is  characterized  by 
northeast-directed  or  fault-normal  (to  the  San  Andreas  fault) 


compressive  stresses  (Zoback  and  others,  1987).  Focal 
mechanisms  which  exhibit  a  north-trending  maximum 
principal  stress  such  as  2,  5  and  31  reflect  structural  control  of 
slip  along  the  major,  but  low  shear  strength  faults  (e.g. 
Hayward),  rather  than  the  tectonic  stress  field.  It  is  interesting 
that  events  with  focal  mechanisms  which  exhibit  either  a 
north-south  or  a  northeast-southwest  maximum  principal 
stress  can  apparently  occur  in  the  same  approximate  location 
(e.g.  mechanisms  20  and  33)  (Figure  5).  This  would  suggest 
that  the  earthquakes  have  occurred  on  faults  of  different 
frictional  and  strength  properties. 

Normal  faulting,  as  exhibited  in  mechanisms  4  and  18,  have 
T-axes  parallel  to  the  minimum  principal  stress  direction 
shown  in  most  of  the  strike-slip  focal  mechanisms  (Figure  5). 
These  areas  of  predominately  extensional  stress  may  reflect  a 
localized  stress  field,  possibly  resulting  from  small  crustal 
block  interactions. 

SUMMARY 

In  order  to  better  characterize  the  seismicity  previously 
associated  with  the  Mission  fault,  and  its  relationship  with  the 
Hayward  fault,  approximately  500  earthquakes  recorded  frorr 
mid-1969  to  mid-1989  recorded  by  the  USGS  were  relocated, 
and  a  geologic  reconnaissance  was  performed.  No  definitive 
evidence  of  Holocene  surface  rupture  could  be  found  along 
the  mapped  trace  of  the  Mission  fault;  however,  some  possibl 
fault-related  features  were  located  to  the  southeast.  A  linear 
zone  of  seismicity  from  near  Niles  Canyon  to  Mission  San 
Jose  appears  to  define  a  previously  unidentified  buried  trace  ( 
the  Hayward  fault.  Earthquakes  within  this  zone  extend  from 
the  near-surface  to  a  depth  of  7  km.  Focal  mechanisms  are 
consistent  with  a  right-lateral  strike-slip  fault.  The  adjacent 
principal  surface  trace  of  the  Hayward  fault  is  nearly  aseismii 
and  possibly  locked  although  this  portion  of  the  fault  exhibits 
the  highest  creep  rate  observed  anywhere  along  the  fault 
(Lienkaemper  and  others,  1991). 

Microseismicity  southeast  of  Mission  San  Jose  to  Mission 
Peak  images  a  near-vertical  4-5  km-long  fault  between  the 
depths  of  3  to  7  km  which  appears  to  diverge  away  from  the 
buried  trace  of  the  Hayward  fault.  The  microearthquakes, 
however,  are  located  1  to  1.5  km  southwest  of  the  inferred 
location  of  the  Mission  fault.  Associated  focal  mechanisms 
are  consistent  with  a  right-lateral,  strike-slip  fault.  Southeast 
of  Mission  Peak,  a  2-4  km-wide  zone  of  seismicity  extends  f 
km  to  the  southeast  nearly  to  Calaveras  Reservoir.  This  zon< 
of  deformation  is  also  confined  to  depths  of  3  to  7  km  and 
exhibits  strike-slip,  normal  and  reverse  faulting. 

Based  on  this  evaluation,  the  surface  trace  of  the  Mission 
fault  appears  to  have  little,  if  any,  associated  microseismicitj 
The  seismicity  from  Mission  San  Jose  to  Mission  Peak, 
however,  may  define  a  previously  unidentified  branch  fault 
associated  with  the  Hayward  fault. 
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Results  of  a  Detailed  Fault  Investigation  for  Existing 
Fremont  City  Government  Buildings 

by 
John  N.  Alt1  and  Taghi  Manbeian2 


ABSTRACT 

Fault  investigations  for  the  City  of  Fremont  were  focused  on  the  exact  location  and  characterization  of  both 
the  east  and  west  traces  of  the  Hayward  fault  zone  in  the  immediate  vicinity  of  the  existing  buildings  located 
north  of  Central  Park  and  south  of  Stevenson  Blvd.  The  fault  study  was  part  of  a  detailed  assessment  of  the 
safety  of  the  buildings  that  also  included  geotechnical  and  structural  engineering  evaluations.  In  the  site  area, 
the  Hayward  fault  zone  is  characterized  by  a  prominent  west  trace  and  a  more  subtle  east  trace.  The  buildings 
are  atop  a  low,  natural  hill  that  apparently  was  formed  by  compression  between  the  two  fault  traces. 

A  series  of  four  trenches  was  excavated  across  the  western  fault  trace.  The  fault  is  characterized  by  a  well- 
defined  plane  or  set  of  parallel  planes  that  dip  from  55°  to  70°  to  the  southwest.  The  planes  extended  as  a 
continuous  feature  from  the  base  of  the  trench  to  the  present  ground  surface.  In  ail  four  of  the  trenches,  the 
geologic  units  southwest  of  the  fault  consist  of  fine-grained  flood  plain  deposits  and  the  units  to  the  northeast 
consist  primarily  of  course-grained  sand  and  gravel  typical  of  a  channel  deposit.  Both  units  are  thought  to  be 
Holocene  in  age. 

A  zone  of  concentrated  shearing  20  feet  wide  extends  approximately  1 5  feet  southwest  and  5  feet  northeast 
of  the  primary  fault  plane(s).  Because  of  the  relatively  coarse  size  of  the  sediments  to  the  northeast,  the 
shearing  may  not  have  been  preserved.  The  shears  are  generally  vertical.  They  are  discontinuous  and  range 
from  several  inches  to  several  feet  in  the  vertical  dimension.  The  orientation  appears  to  be  random.  Direct 
evidence  of  faulting  and/or  shearing  was  not  observed  in  the  trenches  beyond  this  zone. 

Trenches  extended  several  hundred  feet  eastward  of  the  west  trace  across  the  south  edge  of  the  hill.  The 
contacts  exposed  in  these  trenches  are  irregular,  but  in  general  slope  gently  eastward  opposite  the  regional 
depositional  gradient.  One  of  the  most  well-defined  and  continuous  contacts  is  the  top  of  a  gravel  unit  that 
drops  6  feet  over  a  distance  of  140  feet,  giving  an  eastward  tilt  of  approximately  2°.  The  eastward  tilt  of  the 
contacts  is  probably  tectonic  in  origin  and  reflects  uplift  of  the  hill. 

The  eastern  trace  of  the  fault  was  exposed  in  three  trenches.  The  fault  is  characterized  by  an  abrupt  down- 
to-the-east  step  in  the  top  of  a  gravel  unit.  Although  no  prominent  fault  plane  was  observed  associated  with  the 
step,  a  zone  of  shearing  is  present  in  the  Holocene  flood  plain  deposits  overlying  the  step.  Trenching  was 
continued  eastward  for  a  distance  of  approximately  900  feet.  The  units  exposed  are  flat-lying  and  no  evidence 
of  secondary  faulting  or  warping  was  observed. 
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The  Mission  Link  Between  the  Hayward  and 

Calaveras  Faults 


by 
D.  Joseph  Andrews,  David  H.  Oppenheimer,  and  James  J.  Lienkaemper1 


ABSTRACT 

The  left  stepover  between  the  Calaveras  and  Hayward  faults  gives  rise  to  compressive  strain  that  is  accom- 
modated by  vertical  deformation,  producing  the  highest  hills  bordering  the  east  side  of  San  Francisco  Bay 
(Monument  Peak  to  Mission  Peak).  The  projection  of  the  active  trace  of  the  Hayward  fault  is  offset  3.5  km  from 
the  junction  of  the  northern  and  southern  segments  of  the  Calaveras  fault  at  Calaveras  reservoir.  For  pure 
strike  slip  on  the  Hayward  and  Calaveras  faults,  the  stepover  region  is  compressed  in  area  at  a  rate  given  by 
the  offset  times  the  long-term  slip  rate  of  9  mm/yr  on  the  Hayward  fault.  Assuming  a  seismogenic  depth  of  10 
km,  the  change  in  volume  accumulated  over  150  years  is  equivalent  to  a  dip-slip  seismic  moment  of  2.8  times 
1025  dyne-cm.  This  moment,  if  released  in  a  single  event,  would  generate  an  earthquake  of  magnitude  6.3  due 
to  dip  slip  alone. 

Dip  slip  may  occur  on  buried  faults  throughout  the  stepover  region.  The  base  of  the  southwest  face  of 
Monument  Peak  suggests  a  buried  thrust  or  reverse  fault  dipping  northeast.  The  prominent  scarp  on  Mission 
Peak  has  the  same  strike  and  sense  of  slip. 

Current  microearthquakes  between  the  Calaveras  and  Hayward  faults  align  parallel  to  the  Mission  fault,  but 
show  only  horizontal  slip  on  a  vertical  fault  plane.  A  dipping  fault  is  needed  to  satisfy  the  geometric  constraint  of 
the  convergence.  Therefore,  the  Mission  fault  zone  must  consist  of  two  or  more  fault  surfaces  inclined  at 
different  dip  angles,  as  is  observed  in  the  San  Andreas  fault  zone  in  the  Loma  Prieta  area.  Horizontal  slip  is 
building  up  stress  on  the  inclined  fault,  which  is  currently  locked.  Growing  compressive  stress  will  increasingly 
impede  horizontal  slip  until  a  thrust  or  reverse-slip  event  occurs,  allowing  then  more  horizontal  slip  to  be 
transferred  from  the  Calaveras  to  the  Hayward  fault.  The  dip-slip  fault  might  be  the  unstable  element  governing 
slip  in  the  larger  system. 

An  M  =  6.1  earthquake  on  or  near  the  Mission  fault  in  1858  and  three  earthquakes  in  the  range  M  =  5.3  to  5.7 
from  1 861  to  1 864  around  the  wedge  between  the  Hayward  fault  and  the  northern  segment  of  the  Calaveras 
fault  occurred  before  the  M  =  6.8  Hayward  earthquake  in  1868.  Such  a  sequence  may  help  us  anticipate  the 
next  major  earthquake  on  the  southern  segment  of  the  Hayward  fault. 


INTRODUCTION 

The  Hayward  and  Calaveras  faults,  the  principal  active 
trike-slip  faults  of  the  southeastern  San  Francisco  Bay 
sgion,  do  not  intersect;  there  is  a  left  stepover  between 
lem  (Figure  1).  The  main  trend  of  seismicity  branches 
way  from  the  Calaveras  fault  at  Calaveras  reservoir  and 
'ends  northwestward,  along  the  Mission  fault  zone,  to  join 

Iie  Hayward  fault  near  Mission  San  Jose  in  Fremont  (Figure 
).  (The  seismicity  between  the  faults  near  Alum  Rock  is 
uite  shallow,  and  is  ignored  here.)  The  Mission  fault,  as 
lapped  by  Hall  (1958),  is  expressed  geomorphically  by  a 
ertical  scarp  with  northeast  side  up,  but  there  has  been  no 
eologic  consensus  on  the  recent  activity  of  this  fault.  On 


the  other  hand,  seismicity  shows  right-lateral  strike-slip 
faulting  approximately  below  the  trace  of  the  Mission  fault. 
The  Mission  seismicity  grades  into  the  Hayward  seismicity, 
so  that  the  Mission  fault  takes  up  the  strike-slip  motion  of 
the  Hayward  fault  south  of  central  Fremont.  The  Mission 
fault  is  within  a  left-stepover  region  of  a  right-lateral 
vertical  fault  system. 

Compressive  strain  accumulates  in  such  left-stepover 
regions,  and  the  associated  compressive  stress  must  be 
relieved  by  some  nonelastic  process,  such  as  uplift  on 
dipping  faults,  as  deformation  continues  over  the  long  term. 
Evidence  of  such  uplift  exists  in  the  topography  of  the 
stepover  region  (Figure  1).  The  ground  rises  in  a  distance  of 
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Figure  1 .  Region  of  the  junction  of  the  Hayward  and  Calaveras  faults  with  place  names  mentioned  in 
Heavy  lines  are  fault  traces;  light  straight  lines  are  idealized  faults  used  in  the  modeling.  Elevation  is 
proportional  to  darkness  of  the  gray  shade. 


less  than  4  km  from  near  sea  level  just  east  of  the  southern 
tip  of  San  Francisco  Bay  to  more  than  750  m  at  Monument 
Peak,  Mount  Allison,  and  Mission  Peak.  These  hills  are 
higher  than  the  rest  of  the  range  of  hills  immediately 
adjacent  to  the  Hayward  fault.  This  elevated  block  lies 
within  a  more  extensive  sandstone  belt,  so  the  topographic 
relief  is  probably  due  to  localized  uplift  rather  than  differen- 


tial erosion.  If  these  hills  are  to  be  explained  by  faulting 
with  the  same  sense  of  slip  as  the  Mission  fault  scarp,  then 
another  fault,  perhaps  buried,  is  needed  on  their  southwest 
side.  Note  the  linearity  of  the  southwest  base  of  Monument 
Peak  (Figure  1). 

This  report  is  a  condensation  of  a  longer  paper  (Andrews 
and  others,  1992). 
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Figure  2.  Earthquakes  for  the  period  1/69  through  6/91  recorded  by  the  Northern  California  Seismic  Network  of  the  U.S.  Geological  Survey.  The 
7207  earthquakes  shown  have  an  r.m.s.arrival  time  residual  less  than  0.15  s,  horizontal  location  uncertainty  less  than  1.25  km,  vertical  location 
uncertainty  less  than  2.50  km,  a  minimum  of  8  traveltime  observations,  and  an  azimuthal  gap  less  than  90  degrees. 


MOMENT  RATE  FROM  FAULT  GEOMETRY 

The  left  stepover  between  the  Hayward  and  Calaveras 
faults  is  contained  within  a  triple  junction.  The  southern 
segment  of  the  Calaveras  fault  has  a  strike  of  N35°W  and 
the  northern  segment  strikes  N21°W.  These  two  segments 
intersect  at  Calaveras  reservoir.  The  southern  segment  of  the 
active  portion  of  the  Hayward  fault  strikes  N39°W  between 
Niles  and  San  Leandro.  These  strikes  are  shown  by  light 
lines  in  Figure  1.  We  assume  that  the  long-term  slip  on  each 
of  these  segments  is  purely  horizontal  along  strike. 


The  three  fault  segments  do  not  meet  at  a  single  point;  for 
this  reason  there  is  convergence  in  the  junction  region  as 
slip  occurs.  The  rate  of  change  of  area  at  a  triple  junction  of 
strike-slip  faults  is  equal  to  the  slip  rate  on  any  one  of  the 
segments  times  the  perpendicular  offset  of  the  projection  of 
that  segment  from  the  intersection  of  the  other  two  segments 
(Andrews  and  others,  1992).  The  Hayward  fault  projected 
from  Niles  with  a  strike  of  N39°W  is  offset  3.5  km  from  the 
intersection  of  the  northern  and  southern  segments  of  the 
Calaveras  fault  at  Calaveras  reservoir  (Figure  1).  We  have 
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chosen  a  slip  rate  of  9  mm/yr  for  the  Hayward  fault, 
consistent  with  Lienkaemper  and  others  (1989)  [revised  rate 
in  Lienkaemper  and  others  (1991)  and  WGCEP  (1990)]. 
The  offset  of  3.5  km  times  the  Hayward  fault  slip  rate  of  9 
mm/yr  implies  a  rate  of  contraction  of  area  of  31 .5  m2/yr. 
Assuming  a  seismogenic  depth  of  10  km,  the  rate  of  change 
of  volume  (which  must  be  compensated  by  vertical  expan- 
sion) is  -3.15  times  105  m3/yr.  The  rate  of  accumulation  of 
seismic  moment  for  dip-slip  faulting  is  simply  twice  the 
shear  modulus  times  this  rate  of  change  of  volume 
(Andrews  and  others,  1992).  This  result  is  independent  of 
the  geometry  of  faults  within  the  stepover. 

Arbitrarily  assuming  an  interval  of  150  years,  the  accumu- 
lated dip-slip  moment  is  equal  to  2.8  times  1025  dyne-cm. 
This  moment,  if  released  in  a  single  event,  would  give  an 
earthquake  with  magnitude  M  =  (2/3)  (  log  M0  -16  )  =  6.3 
due  to  the  dip-slip  component  alone. 

A  fault  with  non-vertical  dip  is  needed  to  accommodate 
the  dip  slip.  Current  seismicity  is  not  illuminating  any  such 
fault. 

SEISMICITY 

Historical  accounts  of  felt  earthquakes  and  their  effects 
allow  an  approximate  determination  of  magnitude  and  a 
very  approximate  determination  of  location  (Toppozada  and 
others,  1981).  An  earthquake  with  magnitude  of  about  6.1 
occurred  on  or  near  the  Mission  fault  in  1858.  Three 
earthquakes  in  the  range  M  =  5.3  to  5.7  occurred  from  1861 
to  1864  on  the  northern  segment  of  the  Calaveras  fault,  on 
the  Hayward  fault,  or  in  the  wedge  between  them.  This 
sequence  occurred  before  the  M  =  6.8  Hayward  earthquake 
in  1868.  It  has  been  133  years  since  the  M  =  6.1  earthquake 
of  1858.  We  do  not  know  whether  it  was  a  dip-slip  earth- 
quake, but  enough  dip-slip  moment  has  accumulated  since 
then  to  duplicate  its  magnitude. 

The  U.S.  Geological  Survey  has  operated  a  seismic 
network  in  the  San  Francisco  Bay  region  since  1969. 
Epicenters  shown  in  Figure  2  are  accurate  to  1  km  horizon- 
tally. Wong  and  others  (1991)  and  Andrews  and  others 
(1992)  show  that  seismicity  within  the  stepover  region 
occurs  primarily  on  a  vertical  right-lateral  strike-slip  fault. 
There  is  no  evidence  of  any  dip-slip  faulting  in  the  current 
seismicity. 

It  was  concluded  in  the  last  section  that  dip-slip  seismic 
moment  is  accumulating  in  the  stepover  region.  This 
moment  must  be  released  on  faults  with  non-vertical  dip. 
Therefore,  the  Mission  fault  system  must  consist  of  two  or 
more  fault  surfaces  inclined  at  different  dip  angles,  as  does 
the  San  Andreas  fault  system  in  the  Loma  Prieta  area.  The 
Loma  Prieta  earthquake  occurred  on  a  dipping  fault  surface 
(Dietz  and  Ellsworth,  1990);  the  previous  seismicity  showed 
a  vertical  fault  plane  (Olson,  1990). 


In  studies  of  earthquakes  and  microseismicity  on  the 
Calaveras  fault,  Bakun  and  others  (1986)  and  Oppenheimer 
and  others  (1990)  conclude  that  microearthquakes  occur 
where  the  fault  is  slipping  rather  freely  and  that  larger 
earthquakes  occur  in  patches  where  smaller  earthquakes  are 
absent.  Oppenheimer  and  others  (1990)  and  Budding  and 
others  (1991)  use  this  observation  to  forecast  size  and 
location  of  some  earthquakes  on  the  Calaveras  and  Rodgers 
Creek  faults.  The  idea  is  that,  where  plate  kinematics 
requires  fault  slip,  the  absence  of  microearthquakes  indi- 
cates a  potential  earthquake  rupture  area.  We  are  extending 
the  idea  from  patches  with  the  same  faulting  mode  to 
patches  where  a  different  faulting  mode  is  needed  but  is  not 
observed.  The  accumulating  dip-slip  moment  deficit  in  the. 
Hayward-Calaveras  stepover  can  be  expected  to  be  released 
in  an  earthquake. 


GEOLOGY 


Setting 


A  fold  belt  (Figure  3)  consisting  of  Miocene  marine 
sandstone  and  Pliocene  nonmarine  sediment  lies  between 
the  Hayward  and  Calaveras  faults  and  extends  for  more  than 
40  km  along  strike  (Crittenden,  1951;  Dibblee  1972,  1973, 
1980).  The  localized  uplift  associated  with  the  Mission  fault 
(Monument  Peak  to  Mission  Peak)  occupies  a  small  part  of 
the  Tertiary  fold  belt.  The  Pliocene  sedimentary  rocks  lie  on 
the  western  slope  of  these  hills  and  the  peaks  consist  of  the 
erosion-resistant  Miocene  sandstone.  Since  the  sandstone 
extends  beyond  these  hills  to  the  north  and  south,  the  relief 
is  probably  due  to  localized  vertical  tectonic  movement. 

The  base  of  the  southwest  face  of  Monument  Peak  (line 
number  1  in  Figure  3)  is  remarkably  linear.  It  crosses  the 
syncline  axis  at  a  low  angle.  Based  on  topography  alone  we 
hypothesize  that  this  line  is  the  surface  projection  of  a 
buried  thrust  or  reverse  fault,  referred  to  here  as  the 
Tularcitos  blind  fault.  It  is  parallel  to  the  southeastern 
segment  of  the  Mission  fault,  which  also  cuts  across  the 
Tertiary  deposits  at  a  low  angle.  By  contrast,  the  northwest- 
ern segment  of  the  Mission  fault  lies  at  the  boundary  of  the 
Tertiary  deposits. 

If  the  Tertiary  fold  belt  originally  had  a  straight  boundary 
where  it  was  formed  by  reverse  faulting  along  the  Hayward 
trend,  some  further  geologic  interpretations  may  be  made. 
The  Tertiary  sandstone  is  offset  at  Alum  Rock,  suggesting 
that  this  was  an  earlier  connection  between  the  Calaveras 
and  Hayward  faults,  its  associated  uplift  having  since  been 
eroded.  The  Tertiary  fold  belt  is  bent  between  the  Tularcitos 
blind  fault  and  the  Mission  fault,  showing  distributed  strike- 
slip  deformation  in  the  elevated  block  of  Monument  Peak  to 
Mission  Peak.  Therefore  long-term  strike-slip  displacement 
on  the  Mission  fault  has  been  buried  or  has  not  reached  the 
surface  on  a  single  well-defined  fault  plane. 
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Figure  3.  Tertiary  fold  belt  in  the  stepover  region,  taken  from  Dibblee  (1972,  1973,  1980).  Light  line  is  syncline  axis. 
Thrust  or  reverse-slip  faults  in  the  stepover  region  are  numbered  in  order  of  estimated  dip-slip  potential,  (1)  Tularcitos 
blind  fault,  (2)  Southeastern  segment  of  Mission  fault,  (3)  Subsidiary  surface  break  in  1868,  (4)  Warm  Springs  fault. 
(5)  Northwestern  segment  of  Mission  fault.  (6)  Southeastern  extension  of  Hayward  fault.  Other  faults  shown  as 
dashed  lines. 


Possible  dip-slip  structures 

The  step  over  of  strike-slip  displacement  occurs  in  a 
'wedging'  mode  via  a  12  degree  change  of  strike  along  a 
length  of  17  km.  Because  of  the  wedging,  the  increase  of 
compressive  stress  is  oriented  almost  perpendicular  to  the 
•  major  strike-slip  faults.  The  expected  response  is  an  increase 
in  the  rate  of  thrusting  or  reverse  slip  on  faults  striking 


subparallel  to  the  major  faults.  The  increased  dip-slip  rate,  a 
'chipping'  response  to  the  'wedging',  can  be  expected  to  be 
distributed  over  the  length  in  which  the  strike-slip  faulting 
deviates  from  the  Hayward  trend. 

Figure  3  shows  surface  traces  of  guesses  of  fault  structures 
on  which  thrusting  or  reverse  slip  may  occur  in  the  stepover 
region.  From  the  topography  one  may  say  that  all  dip  to  the 
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northeast,  but  we  make  no  estimate  of  the  dip  angles.  Dip 
slip  will  most  probably  occur  on  the  Tularcitos  blind  fault, 
its  surface  projection  being  at  the  base  of  the  southwest  face 
of  Monument  Peak.  The  next  most  probable  is  the  south- 
eastern segment  of  the  Mission  fault,  where  the  100  m  high 
scarp  attests  to  vertical  slip  in  the  past.  Other  likely  dip-slip 
faults  are  those  branching  southward  from  the  bend  in  the 
Mission  fault.  The  shorter  is  where  Radbruch-Hall  (1974) 
documents  surface  breaks  and  seeps  in  1868.  It  is  in  a 
landslide  area,  but  may  be  the  contact  between  the  Miocene 
and  Pliocene  sedimentary  rocks.  The  longer  curving  branch 
is  the  Warm  Springs  fault,  mapped  by  Dibblee  (1972,  1980) 
as  a  faulted  contact  at  the  base  of  the  Miocene  sandstone. 
Note  that  the  Warm  Springs  fault  approaches  the  surface 
projection  of  Tularcitos  blind  fault. 

Two  other  fault  segments  are  candidates  for  dip-slip 
faulting,  but  with  less  likelihood,  because  they  extend 
farther  from  the  compressive  influence  of  the  wedging.  One 
is  the  northwestern  segment  of  the  Mission  fault.  Assess- 
ment of  the  involvement  of  this  segment  in  the  junction 
mechanics  depends  on  getting  improved  microearthquake 
locations  in  Fremont  to  locate  the  bend  in  strike-slip 
seismicity.  The  final  candidate  for  dip-slip  faulting  is  the 
segment  of  the  southeastern  extension  of  the  Hayward  fault 
extending  from  the  end  of  the  1868  rupture  to  Alum  Rock. 
The  geomorphic  expression  of  this  segment  is  suggestive  of 
considerable  reverse  slip  in  addition  to  strike  slip  (Bryant, 
1982). 

This  discussion  is  based  on  evidence  from  surface 
topography,  and  nothing  has  been  said  about  down-dip 
structure.  Unless  dips  are  quite  steep,  all  these  faults  will 
intersect  the  Calaveras  fault  before  reaching  the  bottom  of 
the  seismogenic  zone.  How  is  compression  accommodated 
at  greater  depth?  It  is  possible  that  the  northern  segment  of 
the  Calaveras  fault  may  have  a  nonvertical  dip.  An  image  of 
the  subsurface  from  seismic  and  geophysical  data  is  needed. 


MECHANICAL  SPECULATIONS 

Horizontal  slip  on  the  Calaveras  and  Hayward  faults 
increases  compressive  stress  normal  to  the  Mission  fault.  As 
horizontal  slip  accumulates,  frictional  resistance  increases, 
and  the  Mission  fault  becomes  more  of  a  barrier,  impeding 
transfer  of  slip  between  the  Calaveras  and  Hayward  faults. 
Increasing  compressive  stress  is  associated  with  increasing 
shear  traction  in  the  dip  direction  on  dipping  faults.  The 
dipping  fault  or  faults,  which  are  now  locked,  are  being 
loaded  toward  failure.  When  a  thrust  or  reverse-slip  event 
occurs,  compressive  stress  will  be  reduced  on  the  vertical 
Mission  fault,  allowing  more  horizontal  slip  to  occur,  and 
allowing  freer  transfer  of  slip  from  the  Calaveras  to  the 
Hayward  fault.  A  thrust  or  reverse-slip  event  is  equivalent  tc 
breaking  an  asperity.  Therefore,  a  dip-slip  earthquake  in  the. 
Mission  fault  zone  will  increase  the  probability  of  a  major 
earthquake  on  the  southern  segment  of  the  Hayward  fault. 

A  sequence  of  moderate  earthquakes  (Coyote  Lake,  1979; | 
Morgan  Hill,  1984;  Alum  Rock,  1988)  has  progressed 
northwestward  along  the  Calaveras  fault  almost  to  the 
Mission  fault.  If  this  northwestward  progression  continues, 
an  event  in  the  Mission  fault  system  can  be  expected  to 
precede  or  coincide  with  the  next  earthquake  on  the 
Hayward  fault.  A  sequence  such  as  that  which  occurred 
from  1858  to  1868  on  the  Mission  fault  and  around  the 
wedge  between  the  Hayward  fault  and  the  northern  segment 
of  the  Calaveras  fault  may  help  us  anticipate  the  next  major 
earthquake  on  the  Hayward  fault. 
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Fault  Rupture  Studies  Along  the 
Silver  Creek  Fault,  South  San  Jose,  California 


by 


Mark  O.  Wiegers1  and  Alan  D.  Tryhorn' 


ABSTRACT 

Recent  geologic  investigations  along  the  Silver  Creek  fault  in  south  San  Jose  indicate  that  the  fault  has  been 
active  in  Quaternary  time.  The  fault  displaces  alluvium  that  is  younger  than  the  Plio-Pleistocene  Santa  Clara 
Formation.  Evidence  of  Holocene  displacement  is  generally  inconclusive,  although  some  exposures  suggest  the 
possibility  that  Holocene  soils  have  been  displaced. 

Over  100  trenches  have  been  excavated  and  numerous  geophysical  surveys  have  been  conducted  in  the  fault 
zone  in  recent  years  by  consulting  geologists  investigating  large  new  subdivision  sites.  The  authors  investigated 
an  approximately  one-mile-long  segment  of  the  fault  with  exploratory  trenches  and  magnetometer  surveys. 

Along  this  segment,  fault-bounded  bodies  of  silica-carbonate  rock  and  altered  serpentinite  are  juxtaposed  against 
folded  sediments  of  the  Plio-Pleistocene  Santa  Clara  Formation  and  younger  alluvium  that  overlies  the  Santa  Clara 
Formation.  The  faulted  alluvium  post-dates  deformation  of  Santa  Clara  Formation,  which  is  partly  of  Pleistocene 
age,  thus  establishing  that  the  fault  has  been  active  at  least  as  late  as  the  Pleistocene.  In  some  exposures,  the 
basal  part  of  the  topsoil  appears  uneven  above  fault  traces,  suggesting  possible  Holocene  displacement;  however, 
the  uneveness  could  be  due  to  differential  weathering  of  bedrock  on  opposite  sides  of  the  fault.  Displaced  Ho- 
locene soil  has  been  reported  in  another  study  to  the  south. 

Silica-carbonate  and  serpentinite  blocks  in  the  fault  zone  are  generally  bounded  on  all  sides  by  reverse  or  thrust 
faults,  which  suggests  that  the  blocks  were  emplaced  as  piercement  structures  that  were  pushed  up  through  the 
the  younger  sediments.  Regionally,  the  fault  juxtaposes  serpentinite  and  Franciscan  melange  against  upper  Plio- 
Pleistocene  sediments.  Offset  appears  to  involve  both  right-lateral  slip  and  reverse  slip.  The  silica-carbonate  and 
serpentinite  blocks  may  have  been  sheared  from  Franciscan  terrain(s)  by  strike-slip  movements  and  thrust  up 
through  the  younger  sediments  by  compressional  movements. 


INTRODUCTION 

The  Silver  Creek  fault  is  exposed  at  the  surface  for  about  12 
miles  along  the  east  side  of  the  Santa  Clara  Valley  from 
Anderson  Reservoir,  a  few  miles  northeast  of  Morgan  Hill, 
northward  into  southeast  San  Jose.  Structurally,  the  fault 
juxtaposes  Plio-Pleistocene  rocks  of  the  Santa  Clara  Forma- 
tion on  the  east  against  serpentinite  and  Franciscan  melange 
on  the  west.  Serpentinite  rocks  exposed  extensively  on  the 
west  side  of  the  fault  may  be  a  basal  unit  of  the  Coast  Range 
ophiolite. 


Geomorphically,  the  Silver  Creek  fault  is  expressed  by  the 
relatively  linear,  north-draining  Silver  Creek  stream  valley  that 
extends  southward  from  San  Jose.  Other  geomorphic  features 
include  linear  ridges  in  the  Santa  Clara  Formation  as  well  as 
tonal  lineaments  both  in  the  Santa  Clara  Formation  and  in 
Holocene  alluvium  (Bryant,  1981).  At  the  north  end  of  Silver 
Creek  valley,  geophysical  data  as  well  as  well  log  correlations 
suggest  that  the  fault  extends  northwestward  beneath  the 
alluvium  underlying  the  city  of  San  Jose  (Robbins,  1971; 
California  Department  of  Water  Resources,  1967).  It  may 
connect  with  a  fault  that  passes  along  the  east  side  of  the 
Coyote  Hills  farther  to  the  north  in  Fremont. 


'Harding  Lawson  Associates,  303  Second  Street,  Suite  630  North,  San  Francisco,  CA  94107 
2Geo/Resource  Consultants,  505  Beach  Street,  San  Francisco,  CA  94133 
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Figure  1 .  Location  of  Silver  Creek  fault  showing  segments  trenched  by  authors  and 
segments  trenched  by  other  consultants. 


STATUS  OF  SPECIAL  STUDIES 
ZONATION 

The  Department  of  Mines  and  Geology  (DMG)  initially 
established  a  Special  Studies  Zone  (SSZ)  along  the  Silver 
Creek  fault  after  passage  of  the  Alquist  Priolo  Act  of  1972. 
The  Act  required  that  SSZ's  be  delineated  along  all  "potential- 
ly active"  faults  which  are  defined  as  faults  exhibiting 
evidence  of  Quaternary  displacement  (last  2  million  years). 
Within  SSZ's  the  Act  required  that  fault  rupture  investigations 
be  performed  for  residential  subdivisions  and  other  types  of 
construction.  The  Silver  Creek  fault  was  zoned  because  it 
displaces  beds  of  the  Plio-Plcistocene  Santa  Clara  Formation, 
thus  establishing  that  it  was  active  at  least  as  late  as  the 
Pleistocene. 


CDMG  subsequently  revised  the  criteria  for  SSZ  status  to 
include  only  faults  that  are  demonstrated  to  be  "sufficiently 
active"  (exhibiting  evidence  of  displacement  during  Holocene 
time,  which  covers  the  last  1 1,000  years)  and  "well-defined" 
(clearly  detectable  by  a  trained  geologist  so  that  site-specific 
investigations  to  locate  fault  traces  could  be  performed  with 
some  degree  of  success).  These  more  restrictive  criteria  were 
selected  because  it  was  impractical  to  zone  the  many  pre- 
Holocene  Quaternary  faults  that  exist  in  the  state  and  because 
the  probability  of  surface  rupture  on  pre-Holocene  faults  is 
considered  to  be  much  lower  than  on  Holocene  faults.  In 
1982,  the  SSZ  along  the  Silver  Creek  fault  was  withdrawn  by 
the  State  because  of  the  lack  of  reported  evidence  of  Holocent 
offset  (Hart  and  others,  1982). 


1993 


PROCEEDINGS  OF  THE  SECOND  CONFERENCE 
ON  EARTHQUAKE  HAZARDS  IN  THE  EASTERN  SAN  FRANCISCO  BAY  AREA 


227 


Though  no  longer  zoned  by  the  State,  the  City  of  San  Jose 
maintains  a  surface  rupture  study  zone  along  the  Silver  Creek 
fault  on  its  own  initiative,  and  it  also  maintains  zones  along  a 
number  of  other  faults  within  its  jurisdiction  where  State 
mandated  SSZ's  had  been  withdrawn.  Among  the  other  faults 
zoned  by  the  city  are  the  Quimby,  Evergreen  and  Piercy  faults. 
As  discussed  in  subsequent  sections,  these  faults  are  located 
near  the  Silver  Creek  fault  and  may  have  formed  under  related 
tectonic  stresses. 

RECENT  FAULT  INVESTIGATIONS 

To  comply  with  the  City's  fault  rupture  study  requirements, 
over  100  trenches  have  been  excavated  along  an  approximate- 
ly 4-mile-Iong  segment  of  the  Silver  Creek  fault  by  consulting 
geologists  performing  geologic  and  geotechnical  investiga- 
tions for  residential  subdivisions  planned  for  the  area.  Within 
this  region,  the  authors  investigated  an  approximately  1 -mile- 
long  segment  of  the  fault  (Figure  1)  by  excavating  more  than 
.  40  exploratory  trenches  and  performing  magnetometer 
traverses  across  the  fault.  The  magnetometer  surveys  proved 
useful  because  of  differing  magnetic  properties  of  serpentinite 
and  sediments  juxtaposed  by  the  fault. 

FAULT  RUPTURE  STUDY  RESULTS 

li     A  number  of  the  trenches  in  the  authors'  study  area,  as  well 
as  trenches  logged  by  others  nearby,  clearly  indicate  that 
alluvial  and/or  colluvial  soils  younger  than  the  Plio-Pleisto- 
cene  Santa  Clara  Formation  have  been  displaced  by  traces  of 
the  Silver  Creek  fault.  Faulted  alluvial  deposits  observed  by 

,. the  authors  consist  of  flat  lying  alluvial  gravels  that  rest 
unconformably  on  folded  beds  of  the  Santa  Clara  Formation. 
Similar  alluvium  as  well  as  faulted  colluvium  were  reported  to 
be  observed  in  other  study  areas. 

In  the  authors'  study  area,  Santa  Clara  beds  dip  as  steeply  as 
40  degrees  and  are  truncated  by  flat-lying  alluvial  gravels 
along  relatively  high-angle  unconformities.  These  high-angle 
unconformities  suggest  a  rather  long  hiatus  between  deposi- 
tion of  the  Santa  Clara  beds  and  deposition  of  the  overlying 
gravels,  during  which  the  Santa  Clara  beds  were  tilted  and 
deformed.  Presumably,  this  deformation  took  place  in 
Quaternary  time  after  deposition  of  the  Plio-Pleistocene  Santa 
Clara  Formation.  The  authors  believe  that  deposition  and 
faulting  of  the  flat-lying  gravels  probably  took  place  late  in 
Quaternary  time  because  of  the  relatively  lengthy  hiatus  in 
earlier  Quaternary  time  implied  by  the  high-angle  unconformi- 

While  the  above  relationships  suggest  that  the  Silver  Creek 
fault  may  have  been  active  in  late  Quaternary  time,  the 
numerous  fault  investigations  performed  in  recent  years  have 
produced  very  little  evidence  of  offset  in  Holocene  time.  The 
faulted  alluvium  in  the  authors'  study  area  is  probably  pre- 


Holocene  because  it  is  located  more  than  40  feet  above  the 
present  floodplain  of  Silver  Creek.  It  is  considered  unlikely 
that  Holocene  deposition  would  have  extended  this  far  above 
the  present  floodplain. 

A-horizon  soils  in  the  study  area  that  are  believed  to  be  of 
Holocene  age  were  not  observed  to  be  offset  by  fault  traces. 
In  some  cases,  there  was  notable  unevenness  of  the  base  of  the 
A-horizon  soil  across  fault  traces;  however,  this  may  have 
been  due  to  differential  erosion  of  parent  material  on  opposite 
sides  of  the  fault  trace.  In  other  study  areas,  with  but  one 
reported  exception  (Terrasearch,  1988),  fault  traces  were 
similarly  observed  to  be  truncated  by  A-horizon  soils. 

While  the  one  reported  exposure  of  displaced  Holocene  soil 
reported  by  Terrasearch  may  be  significant,  we  consider  it 
more  significant  that  Holocene  displacement  was  not  observed 
in  more  than  100  other  trenches  that  were  excavated  in  the 
fault  zone.  If  Holocene  displacement  exists,  it  seems  reason- 
able to  expect  that  it  would  be  apparent  in  more  than  one  of 
these  trenches. 

It  should  be  noted,  however,  that  the  absence  of  recognizable 
shears  in  A-horizon  soils  is  probably  not  definitive  proof  that 
Holocene  displacement  has  not  occurred.  The  A-horizon  soils 
in  the  study  area  are  relatively  thin,  highly  expansive  clays 
that  exhibit  abundant  desiccation  features  due  to  highly  active 
seasonal  shrinkage  and  swelling.  The  clays  are  also  widely 
disturbed  by  burrowing  rodents  and  in  some  cases  may  have 
been  disturbed  by  small  human  excavations  possibly  dug  to 
explore  silica  carbonate  mineralization.  It  is  quite  conceivable 
that  Holocene  shears  developed  in  these  soils  could  be  rapidly 
obliterated  by  these  active  processes. 

To  definitely  prove  or  disprove  Holocene  offset,  it  would  be 
necessary  to  locate  Holocene  soils  across  the  fault  trace  that 
have  not  been  significantly  disturbed  by  these  active  processes 
and  determine  the  age  of  the  youngest  faulted  deposit  using 
absolute  dating  techniques.  To  date,  absolute  dating  of  offset 
soils  across  Silver  Creek  fault  has  not  been  performed. 

TECTONIC  IMPLICATIONS 

While  right-lateral,  strike-slip  faulting  has  long  been 
recognized  as  the  predominant  mode  of  Quaternary  faulting 
throughout  the  Bay  area,  displacements  along  the  Silver  Creek 
fault  as  well  as  along  other  nearby  faults  indicate  that  com- 
pressional  components  of  movement  have  also  been  important 
in  the  vicinity  of  east  San  Jose.  Numerous  other  studies 
indicate  that  compressional  movements  are  important  in  other 
regions  of  coastal  California  (i.e.,  Jones,  1990;  McLaughlin 
and  others,  1991;  Page,  1982;  Aydin,  1982).  To  some  extent, 
the  significance  of  compressional  movements  may  tend  to  be 
overshadowed  by  the  emphasis  placed  on  strike-slip  faulting 
in  tectonic  interpretations  of  coastal  California. 
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Figure  2.  Tectonic  setting  of  Silver  Creek  fault. 
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Figure  2  shows  the  location  of  the  Silver  Creek  fault  and 
other  nearby  faults  in  east  San  Jose  that  are  located  on  the 
west  side  of  the  Calaveras  fault  south  of  its  juncture  with  the 
Hayward  fault.  In  addition  to  the  Silver  Creek  fault,  other 
faults  include  the  Quimby,  Evergreen  and  Piercy  faults. 
Exposures  of  the  Silver  Creek  fault  in  the  authors'  study  area 
suggest  that  transpressional  movement  involving  components 
of  both  strike-slip  and  reverse  movement  has  occurred.  In 
contrast,  faulting  along  the  Evergreen,  Quimby  and  Piercy 
faults  appears  to  indicate  primarily  reverse  movements  along 
relatively  low-angle,  east-dipping  fault  planes. 

Transpressive  fault  movement  in  the  authors'  study  area  is 
suggested  by  a  characteristic  style  of  faulting  termed  "flower 
structure"  or  "palm  tree  structure,"  which  has  been  recognized 
along  a  number  of  transpressive  faults  (Sylvester,  1988).  This 
type  of  structure,  illustrated  in  Figure  3,  consists  of  an  upward 
and  outward  arrangement  of  branching  faults  along  which 
elongated  compressional  ridges  are  pushed  up  above  the 
principal  zone  of  displacement.  The  edges  of  the  uplifted 
ridges  are  typically  carried  for  short  distances  along  low-angle 
reverse  faults  over  stable  zones  along  the  margins  of  the  fault. 


In  the  study  area,  narrow  elongate  bodies  of  serpentinite  and 
silica-cabonate  rocks  (altered  serpentinite)  several  tens  to 
several  hundreds  of  feet  in  length  appear  to  have  been  pushed 
up  through  Santa  Clara  Formation  sediments  and  younger 
alluvium  and,  in  some  trench  exposures,  the  edges  of  the 
serpentinite  bodies  appear  to  have  spread  out  over  the  younger 
sediments  along  reverse  faults.  The  reverse  faults  appear  to 
dip  toward  the  center  of  the  serpentinite  bodies  and  may 
converge  into  a  high-angle  fault  plane  at  depth.  This  observed 
style  of  faulting  in  the  study  area  appears  to  closely  resemble 
the  transpressive  faulting  patterns  described  above. 

The  trend  and  orientation  of  the  Silver  Creek  fault  bears  a 
resemblance  to  the  Hayward  fault  to  the  north,  and  it  is 
considered  possible  that  development  of  the  two  faults  may  be 
somewhat  analogous.  Both  faults  branch  northwesterly  away 
from  the  Calaveras  fault  in  a  left-stepping  relationship. 
Currently,  almost  all  measurable  creep  and  most  of  the 
seismicity  that  occurs  along  the  Calaveras  fault  south  of  San 
Jose  is  transferred  to  the  Hayward  fault  north  of  San  Jose 
(Page,  1982b).  Earlier  in  Quaternary  time,  a  similar  transfer- 
ence of  movement  may  have  linked  the  Calaveras  fault  to  the 


SURFACE  FAULT  TRACES  GENERALLY  REVERSE  AND 
THRUST  FAULTS  WITH  SINUOUS  MAP  PATTERNS 

-SHEARED  DISCONTINUOUS  BODIES  OF 
SERPENTINITE  AND  SILICA  CARBONATE  ROCK 
PUSHED  UP  THROUGH  SEDIMENTS 


HIGH  ANGLE  FAULT 
AT  DEPTH 


*BLOCK  DIAGRAM  MODIFIED  FROM  SYLVESTER,  1988 


UNDEFORMED  ALLUVIUM 
UNCONFORMITY 

DEFORMED  SANTA  CLARA 
FORMATION  SEDIMENTS 


Figure  3.  Model  of  transpressive  fault  structure  in  study  area. 
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Silver  Creek  fault.  Strike-slip  displacements  along  the  Silver 
Creek  fault  may  have  subsided  after  movement  shifted 
northward  to  the  southern  Hayward  fault.  Reverse  faulting 
along  the  Silver  Creek  fault  as  well  as  along  the  other  reverse 
faults  in  the  area  may  still  be  possible,  however,  because  a 
left-hand  stepover  of  motion  from  the  Calaveras  fault  to  the 
Hayward  fault  in  a  right-lateral  strike-slip  system  would  tend 
to  maintain  compressional  stresses  across  the  east  San  Jose 
area  (Aydin,  1982). 

CONCLUSION 

Extensive  trenching  along  several  miles  of  the  Silver  Creek 
fault  zone  has  revealed  little  evidence  of  Holocene  displace- 
ment. Nevertheless,  setbacks  are  being  required  by  the  City  of 
San  Jose  along  traces  of  the  Silver  Creek  fault  identified  by 
consultants. 

Based  on  our  investigations,  we  believe  that  this  is  a  prudent 
measure  because  clearly  defined  traces  of  the  Silver  Creek 
fault  that  extend  through  the  study  area  displace  sediments  of 


possible  late  Quaternary  age.  Nearby  faults  with  evidence  of 
Holocene  movement  suggest  that  tectonic  strain  is  accumulat- 
ing in  the  east  San  Jose  area  associated  with  a  transfer  of  slip 
from  the  Calaveras  to  Hayward  fault.  This  strain  could 
potentially  manifest  itself  by  displacement  on  young  faults  in 
the  area,  including  the  Silver  Creek  fault. 

Though  the  probability  of  rupture  may  be  low,  we  believe 
that  it  is  both  appropriate  and  practical  to  provide  setbacks 
from  youthful  fault  traces  in  large  subdivisions  such  as  those 
planned  for  the  Silver  Creek  area.  If  addressed  early  in  the 
planning  process,  fault  setbacks  can  usually  be  incorporated 
into  project  design  without  unduly  compromising  the  project 
layout.  Without  setbacks,  many  houses  in  the  Silver  Creek 
area  would  otherwise  be  constructed  across  fault  traces  whose 
rupture  potential  and  tectonic  complexity  are  not  yet  fully 
understood. 
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Identification  and  Proposed  Mitigation  of  Fault  Rupture 
Hazard  Along  the  Hayward  Fault  in  Milpitas 

by 
James  B.  Baker1 


ABSTRACT 

To  identify  and  reduce  the  risk  of  damage  from  future  surface  rupture  through  a  proposed  residential  develop- 
ment of  a  25  acre  parcel  of  land,  we  conducted  a  subsurface  investigation  of  the  Hayward  fault  in  the  hills  east 
of  the  City  of  Milpitas. 

We  logged  the  walls  of  approximately  1 700  feet  of  exploratory  backhoe  trenches  excavated  across  the  site. 
The  main  fault  trace  was  crossed  at  four  locations  which  were  surveyed  and  added  to  the  site  map.  We 
observed  shear  planes  in  the  soil  within  a  zone  up  to  10  feet  wide  near  the  ground  surface.  However,  we  found 
that  the  shears  converged  downward  into  a  single,  steeply-dipping,  striated,  slickensided  fault  plane  in  Santa 
Clara  Formation  gravelly  clay  at  a  depth  of  14  feet  in  one  trench.  Predominantly  strike-slip  movement  was 
indicated  by  the  striations  which  dip  9°  toward  the  southeast. 

Initially,  we  recommended  that  a  building  exclusion  or  set-back  zone  extend  25  feet  from  both  sides  of  the 
observed  fault  zone.  However,  the  City's  reviewing  geologist  required  a  50  foot  set-back.  In  addition,  the  City's 
ordinances  required  that  the  area  of  high  rupture  hazard  be  zoned  agricultural  and  excluded  from  the  slope 
density  calculation  used  to  determine  the  number  of  lots  into  which  the  property  can  be  divided. 

In  an  effort  to  increase  the  number  of  lots  allowed,  we  formulated  an  additional  mitigation  concept  intended  to 
reduce  the  fault  rupture  hazard  within  the  outer  portions  of  the  recommended  set-back  zone.  Our  recommend- 
ed approach  involves:  1)  excavation  of  a  zone  50  to  100  feet  wide  down  tothe  depth  where  the  fault  is  a  single 
plane  or  very  narrow  zone  of  shear  surfaces;  2)  construction  of  reinforced  concrete  slabs  and  two  closely- 
spaced  walls  (one  on  each  side  of  the  fault);  and  3)  placement  of  low  strength  clay  between  the  two  walls  and 
engineered  fill  over  the  slabs  to  restore  original  grade.  It  is  our  opinion  that  the  resulting  system  will  "channel- 
ize" future  fault  displacements  within  the  narrow  zone  between  the  two  walls  and  that  the  strengthened  zones 
on  both  sides  of  the  fault  will  reduce  the  potential  for  new  fault  rupture  to  occur  outside  of  the  central  weak 
zone.  In  addition,  we  recommend  that  the  recompacted  area  not  be  used  for  residential  structures. 

Our  proposal  was  rejected  by  the  Planning  Commission  and  the  City  Council  on  the  basis  that  it  is  "theoreti- 
cal, experimental,  untried,  and  not  standard  geotechnical  practice." 
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The  Potential  for  Earthquake  Rupture  of 
the  Northern  Calaveras  Fault 


by 
David  H.  Oppenheimer1  and  Allan  G.  Lindh1 


ABSTRACT 

Since  1969  virtually  no  seismicity  has  occurred  on  the  Calaveras  fault  north  of  the  Calaveras 
Reservoir  and  south  of  Danville.  By  comparison  with  the  seismic  behavior  of  the  Calaveras  fault  south 
of  the  reservoir  and  the  segment  of  the  San  Andreas  fault  that  ruptured  during  the  Loma  Prieta 
earthquake,  we  infer  from  this  absence  of  earthquakes  that  the  northern  Calaveras  fault  is  locked  and 
accumulating  elastic  strain  energy.  The  slip  rate  of  this  segment  of  the  fault  is  approximately  6  mm/yr, 
and  there  is  no  indication  of  surface  creep.  The  seismic  gap  is  approximately  40  km  long  and  the 
width  of  the  fault,  inferred  from  the  maximum  depth  of  earthquakes  ranges  from  13  to  18  km.  We 
consider  the  potential  of  an  earthquake  occurring  on  this  segment  over  the  next  30  years  for  two 
equally  plausible  rupture  scenarios.  If  the  entire  northern  Calaveras  fault  ruptures  at  one  time,  the 
expected  magnitude  (M)  would  be  approximately  M  7,  but  there  is  insufficient  information  at  present 
to  calculate  reliable  probabilities.  Alternatively,  the  fault  could  rupture  in  two  or  more  /W26  earth- 
quakes, as  suggested  by  the  occurrence  of  three  moderate  earthquakes  between  1 858  and  1 864, 
with  a  probability  of  one  or  more  events  of  M  2  6  of  0.33.  Although  the  probabilities  have  large 
uncertainties,  we  believe  the  geologic  and  geophysical  data  indicate  that  the  northern  Calaveras  fault 
is  a  significant  seismic  hazard  for  the  San  Francisco  Bay  region. 


INTRODUCTION 

The  earth  science  community  is  not  able  at  present  to 
provide  precise  forecasts  of  the  time,  place,  and  magnitude  of 
large  earthquakes.  Yet  earthquakes  present  considerable  risk  to 
jsociety,  and  despite  our  limited  understanding  of  the  earth- 
Ijquake  process,  we  are  continually  urged  to  make  educated 
assessments  of  earthquake  hazards.  Publications  by  the 
WGCEP  (1988)  reached  consensus  opinion  on  the  probability 
of  large  earthquakes  in  California  through  a  formal  process 

hat  considered  the  available  information  on  known,  active 
faults.  A  subsequent  report  was  released  in  1990  that  consid- 

red  the  probabilities  of  earthquakes  in  the  San  Francisco  Bay 
region  in  light  of  the  occurrence  of  the  1989  magnitude  (M) 
7.0  Loma  Prieta  earthquake  and  newly  published  information 
on  the  Rodgers  Creek  fault  (WGCEP,  1990).  That  report 
considered  the  earthquake  potential  of  the  Hayward,  Rodgers 
Creek,  and  San  Francisco  Peninsula  segment  of  the  San 
Andreas  faults.  In  this  report  we  consider  the  potential 


earthquake  hazard  of  a  fault  segment  not  considered  by  the 
WGCEP  -  the  Calaveras  fault  north  of  the  Calaveras  Reservoir 
("northern"  Calaveras)  (Figure  1).  We  review  the  geologic  and 
geophysical  data  that  bear  on  the  likely  size  of  the  rupture 
zone,  the  interval  of  time  since  the  last  earthquake,  and  the  slip 
rate  of  the  fault.  We  then  use  this  information  to  forecast  the 
probability  of  an  earthquake  occurring  on  the  northern 
Calaveras  fault  over  the  next  30  years. 

MICROSEISMICITY  AND  MAIN  SHOCK 
RUPTURE  AREA 

Maps  showing  faults  with  late  Quaternary  or  Holocene 
displacement  are  one  of  the  primary  tools  in  forecasting  the 
locations  of  large  earthquakes.  These  maps,  however,  depict 
only  the  two-dimensional  aspect  of  fault  structure;  the  third 
dimension,  depth,  has  remained  more  difficult  to  quantify  until 
the  advent  of  earthquake  networks  beginning  in  the  late 
1920's.  The  seismicity  occurring  during  the  period  of  time 
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Figure  1.  Location  of  Quaternary  faults  in  the  eastern  San  Francisco  Bay  region  (Jennings,  1975)  and  earthquakes  (stars)  above  M  5.0  since  18.' 
Instrumental^  located  earthquakes  are  shown  as  solid  stars.  Earthquake  locations  and  magnitudes  (in  parentheses)  are  from  Toppozada  and 
others  (1981),  Bolt  and  Miller  (1975),  and  the  USGS.  Rectangular  box  corresponds  to  region  shown  in  Figure  4.  CCF-Concord  fault,  CVF- 
Calaveras  fault,  GVF-Green  Valley  fault,  HWF-Hayward  fault,  FNF-Franklin  fault,  CR-Calaveras  Reservoir,  DV-Danville,  LV-Livermore,  ML-Mour 
Lewis,  PL-Pleasanton,  SB-Suisun  Bay,  SFB-San  Francisco  Bay. 
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igure  2.  Seismicity  recorded  by  the  USGS  from  January,  1969  through  January,  1992.  The 
Sarthquake  locations  (Klein,  1989)  have  an  RMS  traveltime  error  less  than  0.3  s,  at  least  6  P-wave 
arrival  times,  and  horizontal  and  vertical  uncertainties  of  2.5  and  5.0  km,  respectively.  The  dashed 
Dolygon  from  A  to  A'  depicts  the  selection  region  for  the  cross  section  shown  in  Figure  3.  Hachured 

egion  indicates  extent  of  hypothesized  gap.  See  Figure  1  for  fault  names  and  locations  of  cities 
;ited  in  text. 


;tween  main  shocks,  or  "background"  seismicity,  has  several 
Matures  that  reflect  conditions  in  the  crust  that  control  main 
shock  rupture.  The  depth  interval  in  which  this  seismicity 
occurs  indicates  the  width  of  the  brittle,  or  seismogenic,  region 
of  the  crust,  and  consequently  the  maximum  width  of  faults 
that  could  dynamically  rupture  during  large  earthquakes. 

In  addition,  analyses  of  recent  earthquake  sequences  in 
California  indicate  that  the  location  patterns  of  background 
(microseismicity  can  also  delineate  the  lateral  extent  of  the 


rupture  zone  of  the  expected  main 
shock.  For  example,  studies  of 
seismicity  on  the  Calaveras  fault 
south  of  Calaveras  Reservoir 
("southern"  Calaveras)  and  of  the 
segment  of  the  San  Andreas  fault 
that  ruptured  during  the  Loma 
Prieta  earthquake  show  that  the 
region  of  the  fault  that  slipped 
during  the  main  shock  was 
aseismic  both  before  and  after  the 
main  shock  (Hartzell  and  Heaton, 
1986;  Oppenheimer  and  others, 
1990;  Oppenheimer,  1990). 
Conversely,  Bakun  and  others 
(1986)  have  shown  that  the 
cumulative  amount  of  slip 
produced  by  microseismicity  on 
the  southern  Calaveras  fault  is 
much  less  than  the  amount  of  slip 
expected  from  long-term  slip  rate 
estimates.  Consequently,  they 
concluded  that  regions  of  a  fault 
zone  that  exhibit  microseismicity 
slip  primarily  through  aseismic 
creep  processes.  Thus,  continuous  monitoring  of  seismicity 
over  extended  time  periods  can  image  seismic  "gaps"  that 
may  be  sites  of  potential  main  shock  occurrence.  These  gaps 
provide  an  estimate  of  the  dimensions  of  the  rupture  zone,  and 
hence,  the  magnitude  of  future  earthquakes. 

If  the  above  model  is  appropriate,  creeping  sections  of  a 
fault  should  have  microearthquakes  that  locate  on  the  plane  of 
the  fault.  Likewise,  their  focal  mechanisms  should  also  be 
consistent  with  the  sense  of  slip  anticipated  for  the  main 


236 


DIVISION  OF  MINES  AND  GEOLOGY 


SPIT 


shock.  Conversely,  locked  faults  could  exhibit  background 
seismicity,  but  any  microearthquakes  should  primarily  occur 
adjacent  to,  but  not  on,  the  fault  anticipated  to  rupture  during  a 
main  shock.  Because  of  the  prevailing  state  of  fault  normal 
compressive  stress  in  central  California  (Zoback  and  others, 
1987),  the  focal  mechanisms  of  off-fault  seismicity  are 
frequently  different  from  the  mechanism  of  the  anticipated 
main  shock.  Thus,  to  discriminate  "locked"  fault  zones  from 
creeping  fault  zones,  it  is  necessary  to  examine  the  locations 
and  focal  mechanisms  of  the  background  seismicity. 

THE  NORTHERN  CALAVERAS 
SEISMIC  GAP 

Seismicity  has  been  recorded  in  the  east  San  Francisco  Bay 
region  by  the  U.S.  Geological  Survey  (USGS)  since  1969.  We 
estimate  the  epicentral  location  accuracy  to  be  approximately 
1 .5  km  in  this  region  due  to  a  seismic  station  spacing  of  7-1 5 
km  and  the  use  of  locally  specific  velocity  models  (F.  Klein, 
USGS,  written  commun.,  1991).  The  locations  of  earthquakes 
recorded  during  the  past  two  decades  image  several  seismic 
gaps  throughout  the  region  that  could  potentially  rupture  in  M 
>  6  earthquakes  (Figure  2).  We  do  not  believe  our  understand- 
ing of  the  slip  rates  and  historical  rupture  for  most  of  these 
gaps  is  sufficient  to  enable  us  to  provide  meaningful  estimates 
of  the  likelihood  of  rupture  for  each  gap.  Indeed,  the  sudden 
onset  of  the  1986  Mt.  Lewis  (ML  5.8),  1980  Livermore 
(ML  5.9),  and  1989  Loma  Prieta  earthquake  sequences 
demonstrates  that  it  is  not  unusual  for  main  shocks  to  occur  on 
fault  segments  which  are  not  well  imaged  by  background 
seismicity,  but  which  are  known  to  be  active  either  through 
geologic  investigations  or  by  the  occurrence  of  seismicity  on 
adjacent  segments. 

In  contrast  to  the  fault  segments  described  above,  the  slip 
rate  and  historic  record  of  main  shock  occurrence  for  the 
seismic  gap  on  the  northern  Calaveras  fault  is  perhaps 
adequate  to  attempt  a  preliminary  estimate  of  the  probability 
of  rupture  on  this  segment.  The  gap  extends  approximately  40 


km  from  the  Calaveras  Reservoir  to  the  vicinity  of  Danville 
(Figures  2  and  3);  the  vertical  width  of  the  seismogenic  zone 
appears  to  increase  from  13  km  near  Calaveras  Reservoir  to 
18  km  near  Danville.  By  comparison  with  the  similar  size  of 
the  rupture  area  of  the  Loma  Prieta  earthquake,  the  northern 
Calaveras  seismic  gap  is  capable  of  sustaining  an  earthquake 
with  a  magnitude  as  large  as  M  7.  The  endpoints  of  the  seismi 
gap  also  coincide  with  complications  in  the  fault  geometry. 
The  southern  end  of  the  segment  occurs  at  the  intersection  of 
the  southern  Calaveras  and  the  Mission  faults;  the  latter  is 
poorly  expressed  in  the  surface  geology  although  a  trend  of 
seismicity  is  observed  in  the  vicinity  of  the  mapped  fault 
(Wong  and  Hemphill-Haley,  1992;  Andrews  and  others, 
1992).  The  northern  end  of  the  segment  coincides  with  the- 
northern  termination  of  the  Calaveras  fault  (Simpson  and 
others,  1992),  as  manifest  in  the  surface  geology,  where  the 
displacement  of  the  Calaveras  fault  is  probably  transferred  to 
the  Franklin  and/or  Concord  faults.  We  believe  that  most  of 
the  Calaveras  displacement  is  taken  up  primarily  by  the 
Concord  fault  because  the  step-over  region  that  connects  the 
two  faults  is  seismically  active  (Oppenheimer  and  Macgregor 
Scott,  1992). 

Slip  Rate 

No  creep  has  been  detected  on  the  surface  fault  trace  of  the  , 
northern  Calaveras  fault  (Prescott  and  Lisowski,  1983; 
Galehouse,  1991),  but  the  slip  rate  recorded  on  short  (<5  km) 
baselines  is  approximately  2.5-3.5  mm/yr  (Mosier,  1977; 
Prescott  and  others,  1981;  Burford  and  Sharp,  1982;  Prescott 
and  Lisowski,  1983).  Immediately  south  of  the  segment,  the 
slip  rate  measured  across  the  Calaveras  Reservoir  geodetic 
network  (7  km  aperture)  is  approximately  6  mm/yr  (Prescott 
and  others,  1981).  North  of  the  gap,  creep  observations  acros.' 
the  Concord  fault  indicate  slip  rates  of  2.7-4.0  mm/yr  (Harsh 
and  Burford,  1982;  Galehouse,  1991).  Because  of  the  proxim 
ty  of  the  Hayward  and  Calaveras  faults,  it  is  difficult  to  mode 
how  strain  accumulation  is  partitioned  between  the  two  faults 
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Figure  3  Cross  section  of  seismicity  within  the  dashed  polygon  of  Figure  2  along  the  Green  Valley  -  Concord  -  Calaveras  fault  system.  Ther< 
is  no  vertical  exaggeration.  Seismicity  gap  extends  from  Calaveras  Reservoir  to  approximately  Danville  (-40  km).  Comparison  with  map  viev 
of  seismicity  in  Figure  3  shows  that  most  of  the  seismicity  within  the  gap  occurs  adjacent  to  the  Calaveras  fault.  In  particular,  the  seismicity 
cluster  near  Danville  occurs  within  a  step-over  region  to  the  Concord  fault,  the  cluster  at  82  km  occurs  east  of  the  Calaveras  fault,  and  the 
seismicity  from  86-90  km  occurs  in  the  vicinity  of  the  Mission  fault.  Hachured  area  indicates  area  of  fault  expected  to  rupture  in  a  moderate- 
to-large  earthquakes. 
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>ut  it  is  likely  that  these  short  base-line  observations  reflect 
hallow  slip.  However,  strain  accumulation  at  seismogenic 
Jepths  on  locked  sections  of  the  northern  Calaveras  fault  is  not 
irecluded  by  these  observations,  and  the  shallow  slip  rates  of 
1.5-6  mm/yr  can  be  considered  a  minimum  estimate  of  the  slip 
ate  at  depth. 

Another  estimate  of  the  slip  rate  on  the  northern  Calaveras 
ault  can  be  obtained  indirectly  by  considering  the  regional 
lip  budget.  The  17  mm/yr  slip  rate  across  the  southern 
"alaveras  fault  (Savage  and  others,  1979)  is  partitioned  into  9 
nm/yr  across  the  Hayward  fault  (Lienkaemper  and  others, 
991),  perhaps  a  few  mm/yr  on  the  Mt.  Lewis-Greenville  fault 
ystem,  leaving  about  6  mm/yr  on  the  northern  Calaveras 
ault.  If  we  further  assume  that  approximately  2  mm/yr  of  slip 
iccurs  across  the  San  Gregorio  fault  and  19  mm/yr  across  the 
Ian  Andreas  fault  (WGCEP,  1990),  then  the  total  slip  rate 
cross  the  central  San  Francisco  Bay  area  is  approximately  40 
nm/yr.  This  total  agrees  well  with  the  DeMets  and  others 
1990)  NUVEL-1  model  for  the  San  Andreas  system  and  is 
onsistent  with  the  Lisowski  and  others  (1991)  observation  of 
•8  mm/yr  across  the  south  Bay.  The  Lisowski  and  others 
■bservation  is  a  lower  bound  value  since  their  tri-lateration 
rray  did  not  extend  far  enough  to  the  east  or  to  the  west  to  be 
ssured  of  detecting  all  the  displacement  across  the  San 
Vndreas  fault.  Moreover,  Kelson  and  others  (1992)  obtain  a 
;eologic  slip  rate  estimate  of  8±3  mm/yr  at  the  Leyden  Creek 
rench  site  on  the  northern  Calaveras  fault.  Considering  all  the 
vailable  data,  we  estimate  that  the  slip  rate  for  the  northern 
lalaveras  fault  is  6±2  mm/yr. 

Microseismicity 

The  focal  mechanisms  of  the  background  seismicity  indicate 
hat  the  earthquakes  are  occurring  on  a  variety  of  fault  types 
.nd  orientations  (Figure  4),  consistent  with  the  hypothesis  that 
he  northern  Calaveras  fault  is  locked.  At  the  southern  end  of 
he  segment  near  the  Sunol  Valley,  three  fault  types  predomi- 
iate-reverse  faults  and  vertical,  right-lateral,  strike-slip  faults, 
>oth  of  which  strike  parallel  to  the  Calaveras  fault,  and 
'ertical,  right-lateral,  strike-slip  faults  trending  north-south. 
The  few  reliable  focal  mechanisms  that  could  be  determined 
v'or  the  central  portion  of  the  gap  indicate  that  seismicity  is 
scouring  predominantly  on  vertical,  right-lateral,  strike-slip 
■aults  parallel  to  the  Calaveras  fault.  However,  these  earth- 
quakes are  distributed  within  a  region  5  km  from  the  trace  of 
;he  Calaveras  fault,  far  wider  than  could  be  attributed  to 
earthquake  location  error.  This  diffuse  epicentral  distribution 
suggests  that  these  earthquakes  are  occurring  on  small, 
subsidiary  faults  adjacent  to  the  Calaveras.  At  the  northern  end 
)f  the  segment  near  Pleasanton,  reverse  and  strike-slip  faulting 
s  occurring  in  a  fashion  similar  to  the  faulting  near  Sunol,  and 
iere,  also,  the  epicentral  distributions  are  too  diffuse  to  be  able 
o  correlate  with  the  focal  mechanisms.  Thus,  the  mechanisms 

ndicate  that  some  of  the  background  seismicity  may  be 
occurring  on  the  Calaveras  fault,  assuming  that  the  fault  is 
vertical,  but  the  lack  of  definitive  epicentral  trends  and  the 


variety  of  other  mechanisms  suggests  to  us  that  most  of  these 
earthquakes  occur  off  the  Calaveras  fault.  Even  were  these 
few  earthquakes  to  occur  on  the  Calaveras  fault,  their  cumula- 
tive seismic  moment  release  since  1969  is  negligible. 

Recent  geologic  investigations  by  Kelson  and  others  (1992) 
at  Leyden  Creek  indicate  that  several  slip  episodes  occurred 
on  the  Calaveras  fault  within  the  past  1800  years.  Because 
surface  rupture  is  generally  observed  only  for  M  &6  earth- 
quakes in  California,  these  findings  suggest  that  Calaveras 
fault  sustains  earthquakes  of  comparable  size.  Thus,  the 
presence  of  a  mapped  fault  with  evidence  of  discrete  slip 
events  at  the  surface,  historical  seismicity  associated  with  the 
fault  (discussed  below),  the  lack  of  observable  creep,  a  slip 
rate  of  6  mm/yr,  and  the  lack  of  microseismicity  are  all 
consistent  with  the  hypothesis  that  the  northern  Calaveras  fault 
is  locked  and  accumulating  elastic  strain  energy  at  depth  that 
could  be  released  during  moderate-to-large  earthquakes. 

RUPTURE  PROBABILITY 

To  assess  the  likelihood  for  a  main  shock  on  this  segment,  it 
is  necessary  to  know  the  date  of  the  last  main  shock.  Seismo- 
graphs were  installed  in  the  San  Francisco  Bay  region 
beginning  in  the  early  1900's,  and  information  on  earthquake 
locations  and  magnitudes  before  that  time  are  based  on 
published  accounts  of  the  severity  and  location  of  damage. 
These  isoseismal  locations  are  probably  accurate  to  25  km  at 
best  (Toppozada  and  others,  1981),  except  where  surface 
rupture  is  observed,  and  the  magnitude  uncertainties  are  about 
0.5  units.  In  1861  an  earthquake  occurred  at  the  northern  end 
of  the  northern  Calaveras  fault  (Figure  1),  producing  a  fissure 
13  km  in  length.  Toppozada  and  others  (1981)  has  assigned 
the  earthquake  a  M  5.6,  but  if  the  fissure  represents  surface 
rupture  rather  than  shaking  effects  or  post-seismic  creep,  the 
13  km  length  indicates  that  the  earthquake  probably  exceeded 
M  6.  Earthquakes  also  occurred  in  the  vicinity  of  this  gap  in 
1858  (M  6.1)  and  1864  (M  5.7),  but  it  is  not  known  whether 
they  ruptured  the  Calaveras  fault,  the  nearby  Hayward  fault,  or 
a  blind  fault  that  is  not  currently  generating  microseismicity. 
The  historical  record  indicates  that  the  northern  Calaveras 
fault  has  probably  not  ruptured  in  a  M  7  earthquake  since 
1830,  and  certainly  not  after  1849. 

We  have  stated  above  that  the  seismological  evidence 
permits  the  interpretation  that  the  northern  Calaveras  fault 
consists  of  one  locked  40  km  long  segment,  capable  of  failure 
in  a  single  M  1  earthquake.  However,  there  is  no  independent 
geologic  evidence  for  such  an  interpretation.  The  fault 
geomorphology  (Simpson  and  others,  1992)  suggests,  instead, 
that  the  northern  Calaveras  fails  in  more  frequent  M  6+  events, 
two  or  more  of  which  would  be  required  to  fill  the  40  km  gap. 
This  rupture  scenario  is  equally  plausible  in  consideration  of 
occurrence  of  the  three  earthquakes  between  1858  and  1864. 
We  have  no  basis  on  which  to  distinguish  between  these  two 
hypotheses,  and  so  consider  them  both  in  the  following 
discussion  of  rupture  probabilities. 
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Because  the  slip  history  of  the  fault  is  not  yet  known,  we 
must  make  several  assumptions  in  order  to  calculate  the 
probabilities.  In  particular,  we  require  an  estimate  of  the 
expected  recurrence  interval  and  the  time  of  last  rupture.  For 
the  first  hypothesis  of  a  single  M  7  on  the  northern  Calaveras 
fault,  we  know  only  that  the  time  of  last  rupture  precedes  at 
latest  1849.  Moreover,  since  we  do  not  yet  have  any  geologic 
evidence  to  provide  a  recurrence  interval,  we  must  estimate 
the  repeat  time  from  the  slip  rate  and  the  amount  of  slip 
expected  to  occur  during  a  M  7  earthquake.  Here  too,  we  have 
little  data  on  the  amount  of  slip  per  event.  We  can  assume  that 


the  rupture  length,  L,  of  40  km  would  generate  slip,  D,  of 
approximately  1 .1  m,  using  the  relation:  D  =  2.8  X  10"5  L  of 
the  WGCEP  (1988).  Alternatively,  we  can  anticipate  that  the 
slip  would  be  nearly  2  m,  consistent  with  estimates  of  the  tota 
displacement  modeled  from  geodetic  measurements  of  the 
comparable  Loma  Prieta  earthquake  (Lisowski  and  others, 
1990).  Combined  with  the  slip  rate  estimate  of  6±2  mm/yr, 
this  results  in  an  expected  recurrence  interval  of  either  333  or 
187  years,  depending  on  which  slip  value  is  assumed.  These 
uncertainties  enter  into  probability  calculations  through  the 
coefficient  of  variation  (WGCEP,  1990),  and  we  would  assigi 
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Figure  4  Lower  hemisphere,  equal  area  focal  mechanisms  calculated  from  P-first  motions  (Reasenberg  and  Oppenheimer,  1985)  for 
earthquakes  within  polygon  shown  in  Figure  2  and  rectangular  region  shown  in  Figure  1 .  All  mechanisms  have  at  least  25  first-motion 
readings.  Compressional  quadrants  are  shaded  solid.  Earthquake  locations  are  depicted  by  small  dots. 
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value  of  0.4  to  the  coefficient  as  the  WGCEP  did  for  the  two 
layward  segments.  However,  without  knowing  the  date  of 
ist  rupture,  the  probability  calculations  would  probabty  not 
?e  reliable.  Qualitatively,  we  would  estimate  the  probability 
hat  a  M  1  on  the  northern  Calaveras  will  occur  in  the  next  30 
ears  to  be  less  than  the  estimates  of  0.22-0.28  on  the  four 
ther  faults  in  the  San  Francisco  Bay  region  (WGCEP,  1990). 

If  the  northern  Calaveras  fails  in  more  frequent  M  6  events, 
•e  can  calculate  the  probabilities  based  on  the  Lindh  (1988) 
tatistical  model  that  assumes  that  earthquake  recurrence  can 
>e  described  by  a  Gaussian  probability  distribution  with  a 
riean  recurrence  time  and  coefficient  of  variation  of  the 
ecurrence  time.  Unlike  the  M  7  scenario,  we  know  when  the 
ist  M  6  earthquake  occurred  on  the  northern  Calaveras  fault, 
iowever,  we  have  no  direct  information  on  recurrence.  On  the 
outhern  Calaveras  fault,  the  ML  6.2  Morgan  Hill  segment  and 
4L  5.9  Coyote  Lake  segments  have  recurrence  times  of  73 
nd  82  years,  respectively  (Oppenheimer  and  others,  1990), 
nd  the  WGCEP  (1990)  estimated  its  slip  rate  to  be  14.4  mm/ 
r.  Adjusting  this  ~80-year  repeat  time  for  M  6  events  for  the  6 
nm/yr  slip  rate  of  the  northern  Calaveras  segment,  we 
stimate  the  recurrence  interval  of  the  northern  segment  to  be 
bout  192  years.  If  we  further  assume  that  the  entire  northern 
Calaveras  failed  between  1858  and  1864,  we  can  use  1860  as 

reasonable  estimate  of  the  time  of  the  most  recent  event  for 
10th  sub-segments.  The  resulting  estimate  of  the  time  of  the 
text  event  is  then  2052±58,  assuming  a  coefficient  of  varia- 
ion  of  0.3  to  reflect  the  better  estimate  of  the  time  of  the  last 
vent  under  this  hypothesis.  We  estimate  a  probability  of  0.18 
hat  a  M  6  event  will  occur  on  each  segment  within  the  next 
hirty  years,  and  a  probability  of  0.33  that  an  M  6  will  occur  on 
me  or  more  segments  in  that  same  interval  of  time. 

A  discussion  of  rupture  likelihood,  however,  should  be 
:onsidered  in  the  context  of  how  failure  of  neighboring  faults 
nay  influence  the  state  of  stress  on  the  Calaveras  fault.  Since 

836  four  M  >7  earthquakes  have  occurred  in  the  Bay  area  - 
he  1836  and  1868  events  on  the  northern  and  southern 
-lay ward  fault,  the  1906  San  Andreas  earthquake,  and  the 

989  Loma  Prieta  earthquake.  The  amount  of  stress  change  is 
i  function  of  the  amount  and  distribution  of  slip  postulated  for 
hese  historic  events  and  the  distance  from  the  Calaveras  fault. 
Ibnsequently,  the  1836  and  1868  earthquakes  had  a  signifi- 
:ant  effect  on  the  state  of  stress  on  the  Calaveras  fault  due  to 
heir  proximity,  but  the  1906  earthquake  also  had  a  significant 
effect  due  to  its  greater  amount  of  slip.  The  first-order  effect  of 
hese  earthquakes  was  to  impose  left-lateral  shear  stress  on  the 
lorthern  Calaveras  fault  segment,  inhibiting  the  occurrence  of 
earthquake  activity  on  the  fault  for  perhaps  as  long  as  a 
:entury,  depending  on  the  slip-rate  assumed  for  the  fault  (R. 
Simpson,  USGS,  written  communication,  1992).  The  model- 


ing also  indicates  that  the  northern  Calaveras  fault  has 
probably  recovered  from  the  stress  reduction  of  these  earth- 
quakes, consistent  with  the  occurrence  of  moderate  seismicity 
surrounding  the  northern  Calaveras  fault  since  1955  (solid 
stars,  Figure  1).  Ellsworth  and  others  (1981)  reached  similar 
conclusions  in  their  analysis  of  the  seismicity  following  the 
1906  earthquake.  Recently,  Oppenheimer  and  others  (1990) 
discussed  the  northward  progression  of  moderate  events  on 
the  Calaveras  fault  since  1974  (solid  star  labeled  1988  in 
Figure  1  is  northernmost  of  these  events)  and  speculated  that 
this  progression  might  continue  with  a  M  7  event  on  the 
Hayward  fault.  It  is  unknown  whether  this  northward  progres- 
sion will  lead  to  a  failure  of  the  Hayward  fault  or  perhaps  the 
northern  Calaveras  segment,  but  the  halo  of  large  earthquakes 
in  the  East  Bay  region  suggests  that  the  level  of  stress 
throughout  the  region  may  again  be  high  enough  to  produce 
significant  earthquakes  on  either  of  these  faults. 

CONCLUSIONS 

From  our  analysis  and  interpretation  of  the  seismic,  geodet- 
ic, and  geologic  data  along  the  northern  Calaveras  fault,  we 
believe  a  seismic  gap  exists  between  the  Calaveras  Reservoir 
and  the  city  of  Danville.  Several  studies  indicate  that  this 
section  of  the  fault  has  a  slip  rate  of  approximately  6  mm/yr. 
By  comparison  with  the  microseismic  characteristics  of  the 
southern  Calaveras  fault  and  the  Loma  Prieta  segment  of  the 
San  Andreas  fault,  we  propose  that  the  northern  Calaveras 
fault  is  locked  and  accumulating  elastic  strain  energy  that 
could  result  in  the  occurrence  of  an  earthquake  as  large  as  M 
7.  The  limited  history  of  earthquakes  along  this  seismic  gap 
indicates  an  alternative  rupture  scenario  in  which  this  gap 
could  rupture  in  a  series  of  smaller  (M  6+)  earthquakes.  Until 
geologic  investigations  reveal  the  rupture  history  of  the 
northern  Calaveras  fault,  it  is  not  possible  to  determine 
reliable  probabilities  for  the  occurrence  of  a  M  7  earthquake 
on  this  fault  segment.  However,  we  calculate  the  probability  of 
one  or  more  M  a6  earthquakes  occurring  in  the  next  30  years 
to  be  0.33.  The  assumptions  required  to  calculate  these 
probabilities  result  in  considerable  uncertainty,  but  we  believe 
the  evidence  is  sufficient  to  consider  the  northern  Calaveras 
fault  to  be  a  significant  seismic  hazard  to  the  entire  San 
Francisco  Bay  region. 
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Northward  Progression  of  Slip  and  Stress  Transfer 

Associated  with  Three  Sequential  Earthquakes 

Along  the  Central  Calaveras  Fault 

by 
Yijun  Du1  and  Atilla  Aydin1 


ABSTRACT 

Seismic  and  geodetic  information  on  three  consecutive  moderate  earthquakes,  the  1979  M5.9  Coyote  Lake, 
the  1984  M6.2  Morgan  Hill,  and  the  1988  M5.1  Alum  Rock,  along  the  central  Calaveras  fault,  are  used  to  exam- 
ine how  stresses  are  transferred  from  one  fault  segment  to  the  other.  The  coseismic  geodetic  data  are  inverted 
for  slip  at  depth.  The  perturbed  stress  field  induced  by  each  earthquake  is  calculated  by  using  3-D  elastic  dislo- 
cation theory.  The  major  results  are  summarized  as  follows.  (1)  The  slip  distribution  is  highly  non-uniform,  local- 
izing at  the  area  of  aftershock  deficit  or  the  hypocenter  of  the  main  shock.  The  average  stress  drops  for  the 
Coyote  Lake,  Morgan  Hill  and  Alum  Rock  earthquakes  are  30,  25  and  15  bars,  respectively.  (2)  Each  earth- 
quake induced  0.1  to  0.5  bar  coseismic  shear  stress  at  the  hypocenter  of  the  next  earthquake  on  the  adjacent 
fault  segment.  This  amount  of  coseismically-transferred  shear  stress  accounts  for  only  a  few  percent  of  the  total 
stress  drop,  and  can  not  be  solely  responsible  for  the  occurrence  of  the  observed  sequential  earthquakes.  The 
transferred  shear  stress  can,  however,  trigger  the  next  earthquake,  in  the  sense  that  adjacent  earthquake  would 
have  occurred  at  a  later  time  if  there  was  no  such  stress  transfer.  (3)  The  most  significant  process  of  stressing 
appears  to  be  due  to  the  viscoelastic  relaxation  of  the  lithosphere  and  asthenosphere.  (4)  The  average  stress- 
ing rate  is  nearly  constant,  suggesting  that  the  recurrence  interval  is  determined  by  the  stress  drop.  The  recur- 
rence interval  can  be  estimated  for  an  event  with  a  given  stress  drop  by  knowing  the  average  stressing  rate  on 
a  fault  segment.  This  approach,  upon  further  tests,  may  prove  to  be  useful  for  earthquake  prediction  efforts. 


INTRODUCTION 

The  progression  of  slip  and  the  associated  stress  field  from 
one  fault  segment  to  the  adjacent  segments  poses  an  interest- 
ing problem,  with  wide-ranging  implications  ranging  from 
earthquake  prediction  to  the  nature  of  loading  system  in  the 
upper  crust.  Three  consecutive  earthquakes,  the  August  6, 
1979  M5.9  Coyote  Lake,  the  April  24,  1984  M6.2  Morgan 
Hill  and  the  June  13,  1988  M5.1  Alum  Rock  earthquakes, 
along  the  central  Calaveras  fault,  California  (Figure  1)  provide 
a  unique  opportunity  for  studying  the  evolution  of  slip  distri- 
bution and  the  perturbed  stress  field  along  a  strike-slip  fault, 
and  to  understand  the  stress  accumulation  within  an  earth- 
quake cycle.  In  this  study,  the  coseismic  geodetic  data,  record- 
ed by  the  U.S.  Geological  Survey  Central  California  network, 
are  inverted  for  slip  at  depth  for  the  Coyote  Lake  and  Morgan 
Hill  earthquakes.  Then,  the  stress  fields  perturbed  by  the  earth- 
quakes are  calculated.  The  mechanical  process  of  slip  and 
stress  transfer  from  one  fault  segment  to  adjacent  ones,  and  the 
contributions  of  various  loading  processes  to  stress  accumula- 
tion are  described. 


The  Calaveras  fault  zone  is  a  seismically  active  member  of  a 
family  of  right-lateral  strike-slip  faults,  including  the  San  An- 
dreas and  Hayward  faults,  which  characterize  the  transform 
boundary  between  the  Pacific  and  North  American  plates  in 
the  San  Francisco  Bay  Area  (Figure  1).  The  fault  zone  is  0.1- 
2.0  km  wide,  comprising  aligned  and  en-echelon  faults, 
splays,  compressional  and  extensional  features  (Aydin  and 
Page,  1984)  (Figure  2).  As  shown  in  Figure  2,  the  central  Ca- 
laveras fault  zone  is  highly  segmented.  In  the  Coyote  Lake 
area,  the  surface  trace  shows  two  major  segments,  which  are 
also  reflected  at  depth  by  the  Coyote  Lake  aftershock  distribu- 
tion (Reasenberg  and  Ellsworth,  1982).  The  surface  trace  of 
the  Calaveras  fault  displays  a  complex  pattern  in  the  Morgan 
Hill  area.  Aftershocks  associated  with  the  Morgan  Hill  earth- 
quake, however,  appear  to  show  a  simple  configuration  of  a 
single  segment  at  depth  (Cockerham  and  Eaton,  1987).  The 
strike  of  the  Alum  Rock  segment  is  rotated  several  degrees  to 
the  west,  compared  to  the  Morgan  Hill  and  Coyote  Lake  seg- 
ments. 
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data  are  not  sufficient  for  a  unique  determination  of  fault  slip 
distribution.  To  find  a  meaningful  solution,  we  use  the  tech- 
nique of  a  penalty  function  with  positivity  constraints  [for 
details,  see  Du  (1991)].  In  this  technique,  it  is  assumed  that 
the  slip  on  a  fault  is  smooth  to  a  certain  degree,  while  the 
fault  slip  is  unidirectional. 

SLIP  DISTRIBUTION  AND  AVERAGE 
STRESS  DROP 

The  Coyote  Lake  Earthquake 

In  this  analysis,  two  echelon  fault  segments,  matching 
the  surface  fault  trace,  are  considered.  The  dip  angle  of  the 
fault  plane  is  80°  to  the  northeast  for  the  model  with  a  best, 
fit  to  the  data,  which  agrees  with  the  distribution  of  the 
aftershocks  (Reasenberg  and  Ellsworth,  1982).  The 
northern  segment  strikes  N30°  W,  extends  from  the 
surface  to  a  depth  of  12  km  and  has  a  length  of  15  km.  The 
southern  segment  strikes  N28°  W,  and  extends  from 
surface  to  a  depth  of  12  km  and  has  a  length  of  22  km. 

The  inverted  coseismic  strike  slip  distributions,  shown  in 
Figure  3,  have  two  high  slip  concentrations;  the  highest  slip 
concentration  occurs  around  the  hypocenter  of  the  main- 
shock  in  the  northwestern  segment  and  is  consistent  with 


Figure  1 .  Map  of  major  faults  in  south  San  Francisco  Bay  region  and 
locations  of  the  1979  Coyote,  1984  Morgan  Hill,  1988  Alum  Rock 
earthquakes.  Symbol  sizes  are  proportional  to  magnitude.  Modified 
from  Oppenheimer,  Bakun  and  Lindh  (1990). 


Geodetic  measurements  associated  with  the  Coyote  Lake  and  the  Mor- 
gan Hill  earthquakes  have  been  reported  in  the  literature  (King  and  oth- 
ers, 1981 ;  Prescott  and  others,  1984).  The  Coyote  Lake  rupture  is  locat- 
ed within  an  area  covered  by  an  extensive  network  of  geodetic  lines 
(King  and  others,1981).  The  Morgan  Hill  earthquake  occurred  in  the 
middle  of  a  network  of  geodetic  lines  (Prescott  and  others,  1984).  We 
obtained  the  complete  data  file  including  all  the  geodetic  measurements 
in  the  Bay  Area  from  Dr.  William  Prescott  of  the  U.S.  Geological  Sur- 
vey. 

METHOD 

The  forward  model  employs  a  3-D  elastic  dislocation  theory  in  half 
space.  The  fault  is  represented  by  a  distribution  of  shear  displacement 
discontinuities,  and  is  discretized  into  small  rectangular  dislocation  ele- 
ments. If  the  fault  geometry  is  known,  the  geodetic  data  can  be  linearly 
related  to  the  fault  slip  through  a  data  kernel  (Du,  1991).  Usually,  the 
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Figure  2.  Geologic  map  of  the  central  Calaveras  fault 
zone  showing  surface  trace  of  the  fault  and  its  segmen 
tation  (an  unpublished  map  by  Aydin  and  Page). 
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results  obtained  from  modeling  near-source  strong  ground 
motions  (Liu  and  Helmberger,  1983).  The  secondary  localiza- 
tion coincides  with  the  hypocentral  regions  of  several  large 
aftershocks  (3.5<M<4.4)  in  the  southeastern  segment.  A  right- 
lateral  surface  breakage  of  about  0.5  cm  was  reported  (Herd 
and  others,  1979)  at  13.5  km  southeast  of  the  epicenter  near 
the  junction  of  Highway  152  and  the  Calaveras  fault.  A  calcu- 
lated slip  of  several  centimeters  extends  up  to  the  surface  at 
about  8  to  15  km  southeast  of  the  epicenter  (Figure  3),  match- 
ing quite  well  with  this  observation. 

The  average  static  stress  drop  is  estimated  by  the  formula: 
Aa  =  C|j.(D/L),  where  C  is  a  geometric  factor  (1.0),  u.  is  the 
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zone  fits  the  data  best.  This  aftershock-defined  fault  segment 
dips  85°  to  the  northeast,  and  has  a  strike  of  N30°  W,  a  length  of 
about  40  km  and  a  depth  of  about  12  km. 

Figure  4  shows  the  estimated  coseismic  strike  slip  distribution 
for  the  1984  Morgan  Hill  earth-quake.  It  shows  that  the  slip  is 
concentrated  in  two  areas  at  depths  of  2  to  12  km.  The  hypo- 
center  of  the  mainshock  is  located  at  the  left  lower  edge  of  the 
secondary  slip  concentration.  The  region  of  the  highest  slip, 
which  is  located  about  15  km  southeast  of  the  hypocenter,  coin- 
cides with  that  of  the  aftershock  deficit.  Bakun  and  others 
(1984)  suggested  that  this  aftershock  deficit  zone  at  the  south- 
east was  a  second  energetic  source  of  seismic  radiation  during 

the  main  rupture.  The  average 
stress  drop  for  this  earthquake  is 
estimated  to  be  25  bars. 
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Figure  3.  Coseismic  strike-slip  distribution  for  the  1979  Coyote  Lake  earthquake.  The  distance  along  strike 
is  measured  continuously  from  northwest  to  southeast  segments.  Open  circle  indicates  the  hypocenter  of 
the  mainshock. 


The  Alum  Rock 
Earthquake 

While  there  are  no  geodetic 
data  available  for  the  1988  Alum 
Rock  earthquake,  we  can  esti- 
mate the  average  stress  drop 
from  seismic  moment,  M(),  and 
the  rupture  area,  A,  by  the  for- 
mula: logAa  =  logM()  -  1 .5logA 
-  logK  [Kanamori  and  Ander- 
son, 1975],  where  K  equals  (p/ 
2)(W/L)v2  for  a  finite  rectangu- 
lar strike  slip  fault.  The  seismic 
moment  is  4.47x1 023  dyne-cm 
based  upon  Bakun's  (1984) 
moment-magnitude  relationship. 
We  estimate  the  rupture  area  of 
the  Alum  Rock  earthquake 
based  on  the  aftershock  distribu- 


rigidity  (3.0xlOn  dyne/cm2), 
D  is  the  average  slip,  and  L  is 
the  fault  dimension  (Kanamori 
and  Anderson,  1975).  By  tak- 
ing the  fault  dimension  to  be 
equal  to  the  square  root  of  the 
fault  area,  the  average  stress 
drop  is  estimated  to  be  30  bars. 

The  Morgan  Hill 
Earthquake 

The  surface  fault  trace  in  the 
Morgan  Hill  area  consists  of  at 
least  four  major  segments  (Fig- 
ure 2).  We  found  that  one  seg- 
ment defined  by  the  aftershock 
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Figure  4.  Coseismic  strike-slip  distribution  for  the  1984  Morgan  Hill  earthquake. 
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tion  [Figure  4b  in  Oppenheimer  and  others  (1990)]  to  be  a 
rectangular  area  of  about  3x2.5  km2,  and  consequently,  the 
average  stress  drop  to  be  15  bars. 

COSEISMIC  STRESS  TRANSFER 

The  shear  stress  changes  on  the  Morgan  Hill  segment  in- 
duced by  the  1979  Coyote  Lake  earthquake  are  shown  in  Fig- 
ure 5.  The  1979  Coyote  Lake  earthquake  induced  0.1  bar 
shear  stress  at  the  hypocenter  of  the  1984  Morgan  Hill  main- 
shock.  It  is  interesting  to  note  that  there  is  a  stress  relaxation 
zone  in  the  southern  part  of  the  Morgan  Hill  segment.  The 
shear  stress  concentrates  around  the  relaxation  zone  and  then 
decreases  very  rapidly  to  the  northwest. 


Figure  6  shows  the  shear  stress  changes  on  the  Coyote  Lake 
segment  induced  by  the  1984  Morgan  Hill  earthquake.  For 
simplicity,  the  single  segment  following  the  average  surface 
trace  is  adopted  in  the  model.  As  shown  in  Figure  6,  the  high 
shear  stress  concentration  occurs  at  the  northern  end  with  a 
maximum  value  of  6  bars  at  a  depth  of  7  to  8  km.  The  shear 
stress  then  decreases  to  the  southeast  rapidly  and  monotonical- 

The  shear  stress  changes  on  the  Alum  Rock  fault  segment 
induced  by  the  1984  Morgan  Hill  earthquake  are  plotted  in 
Figure  7.  A  relatively  small  change  of  shear  stress,  0.5  bar, 
was  induced  by  the  1984  Morgan  Hill  earthquake  at  the  hypo- 
center  of  the  1988  Alum  Rock  mainshock.  A  shear  (stress  re- 
laxation zone  occurs  on  the  southeast  part  of  the  fault  segment 

at  a  depth  of  3.5  to  8.5  km.  The 
shear  stress  concentrates  around 
the  relaxation  zone  and  then 
decreases  to  the  northwest.  We 
note,  however,  that  the  shear 
stress  does  not  decrease  mono- 
tonically,  and  there  is  a  low 
stress  area  in  the  central  part  of 
the  fault  segment  at  a  depth  of  0| 
to  4  km.  A  possible  reason  for 
this  irregularity  is  the  slight 
change  in  strike  of  the  Alum 
Rock  segment  and  the  heteroge- 
neous distribution  of  slip  asso- 
ciated with  the  Morgan  Hill 
earthquake. 


Figure  5.  Shear  stress  changes  on  the  Morgan  Hill  segment  induced  by  the  1979  Coyote  Lake 
earthquake.  The  white  area  at  the  southeast  shows  the  negative  shear  stress,  i.e.,  the  stress 
relaxation.  The  shear  stress  concentrates  around  the  stress  relaxation  zone.  The  shear  stress  of 
greater  than  1 .4  bars  is  represented  by  black. 


Figure  6.  Shear  stress  changes  on  the  Coyote  Lake  segment  induced  by  the  1984  Morgan  Hill 
earthquake. 


STRESS 
DECOMPOSITION 

The  information  on  the 
average  stress  drop  and  the 
transferred  coseismic  shear 
stress,  together  with  the  data 
on  recurrence  interval  and 
remote  tectonic  loading  rate, 
can  be  used  to  evaluate  the 
contributions  of  various 
processes  responsible  for  the 
stress  accumulation  during  an 
earthquake  cycle. 

The  recurrence  intervals  for 
the  moderate  earthquakes  on  th 
Coyote  Lake,  Morgan  Hill  and 
Alum  Rock  segments  are  82,  7 
and  45  years,  respectively  [Op- 
penheimer and  others  (1990)]. 
We  then  can  calculate  the  aver 
age  stressing  rate,  Ao/T,  during 
an  earthquake  cycle.  The  remo 
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Figure  7.  Shear  stress  changes  on  the  Alum  Rock  segment  induced  by  the  1984  Morgan  Hill 
earthquake.  The  white  area  shows  stress  relaxation. 


time  if  there  was  no  such  stress 
transfer. 

The  average  stressing  rate, 
given  by  the  average  stress  drop 
over  the  recurrence  interval,  is 
0.37,  0.34  and  0.33  bar/yr  for 
the  three  earthquakes,  respec- 
tively. Hence,  this  average 
stressing  rate  is  nearly  constant, 
compared  to  the  large  variations 
of  other  parameters  such  as 
recurrence  interval  or  stress 
drop.  Thus,  the  recurrence  inter- 
val may  be  determined  by  the 
stress  drop.  This  is  the  charac- 
teristic of  the  so-called  "time 
predictable  model"  of 
Shimazaki  and  Nakata  (1980). 
Interestingly  enough,  similar 
behavior  was  found  for  the 
small  earthquakes  of  M3  to  4 
along  a  9-km-long  segment  of 
the  central  Calaveras  fault  zone 
(Bufe  and  others,  1977). 


tectonic  loading  rate  is  the  stress  transmitted  across  the  plate 
boundary  due  to  plate  motion  and  ranges  from  0.006  to  0.1 
bar/yr  for  all  possible  plate  motions  (Li  and  Rice,  1983).  We 
adopt  the  upper  limit  of  the  remote  tectonic  loading  rate  (0.1 
bar/yr)  for  the  Calaveras  fault. 

The  stress  decomposition  for  the  1979  Coyote  Lake,  1984 
Morgan  Hill  and  1988  Alum  Rock  earthquakes  during  an 
earthquake  cycle  is  shown  in  Table  1.  The  remote  stress  con- 
tribution, which  is  simply  the  product  of  the  recurrence  inter- 
val by  the  remote  tectonic  loading  rate,  is  8.2,  7.3  and  4.5  bars 
for  the  Coyote  Lake,  Morgan  Hill  and  Alum  Rock  earth- 
quakes and  accounts  for  27,  29  and  30%  of  the  total  stress 
drop,  respectively.  The  coseismic  stresses  at  the  hypocenters 
of  the  sequential  main  shocks  are  0.1  bar  for  the  Morgan  Hill, 
and  0.5  bar  for  the  Alum  Rock  induced  by  the  Coyote  Lake 
and  the  Morgan  Hill  earthquakes,  respectively.  These  coseis- 
mic shear  stress  contributions  account  for  only  a  few  percent 
of  the  total  stress  drops,  and  are  equivalent  to  the  stress  accu- 
mulation due  to  the  remote  tectonic  loading  (0.1  bar/yr)  in  1  to 
5  years.  Therefore,  coseismic  stress  transfer  does  not  contrib- 
ute significantly  to  the  total  stress  accumulation.  It  is,  howev- 
er, large  enough  to  trigger  the  adjacent  earthquakes,  in  the 
sense  that  adjacent  earthquakes  would  have  come  at  a  later 


IMPLICATION  AND  CONCLUSION 

It  has  been  shown  that  stress  accumulation  due  to  the  remote 
tectonic  loading  and  coseismic  elastic  stress  transfer  accounts 
for  only  a  small  part  (about  30%)  of  the  total  stress  drop  for 
three  earthquakes  along  the  central  Calaveras  fault.  Therefore, 
we  can  infer  that  the  most  significant  process  of  stressing  may 
be  due  to  the  lithospheric  and  asthenospheric  relaxation  pro- 
cesses. As  suggested  by  Rice  and  Gu  (1983),  these  relaxation 

Table  1.  Stress  Decomposition  for  the  1979  Coyote  Lake,  1984 
Morgan  Hill  and  1988  Alum  Rock  Earthquakes 


Coyote  Lake 

Morgan  Hill 

Alum  Rock 

(1979) 

(1984) 

(1988) 

recurrence 

interval 

82 

73 

45 

remote  tectonic 

loading  rate  (bar/yr) 

0.1 

0.1 

0.1 

average  stress 

drop(Ao/T,  bar/yr) 

30 

25 

15 

coseismic  stress 

transfer  (bar) 

- 

0.1 

0.5 

average  stressing 

rate(Ao/T,  bar/yr) 

0.37 

0.34 

0.33 
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processes  include,  on  a  presumably  short  time  scale  possibly 
on  the  order  of  a  year  or  less,  deep  aseismic  viscous  slip  or 
concentrated  shear  flow  on  downward  lithospheric  extensions 
of  the  rupture  zone  and,  on  a  longer  time  scale  of  possibly  tens 
of  years,  viscous  flow  in  the  asthenosphere.  Relaxation  takes 
effect  vertically  and  laterally  in  such  a  way  that  stress  is  trans- 
ferred downward  to  the  viscoelastic  lithosphere  and  astheno- 
sphere from  rupture  of  the  brittle  upper  crust.  As  the  region 
relaxes,  the  effect  is  a  time-dependent  restressing  of  the  near- 
surface  rupture  zone  due  to  accelerated  aseismic  slip  at  depth 
and  transmission  of  stress  laterally  along  the  fault  (Rice  and 
Gu,  1983).  The  short  time  scale  relaxation  may  also  include 
the  aseismic  slip  or  creep  between  the  locked  patches  in  the 
upper  lithosphere  as  suggested  by  Oppenheimer  and  others 
(1988). 

Stress  changes  after  an  earthquake  are  found  to  be  sensitive 
to  the  viscosity  structure  beneath  the  fault  zone  (Cohen,  1981). 
The  near-fault  post-seismic  shear  strain  is  increased  by  a  fac- 
tor of  two  or  more  by  the  presence  of  a  viscoelastic  lower 
lithosphere,  compared  to  the  simpler  model  of  an  elastic  litho- 
sphere over  a  viscoelastic  asthenosphere  (Cohen,  1981).  For 
the  Coyote  Lake,  Morgan  Hill  and  Alum  Rock  earthquakes, 
about  two-thirds  of  the  total  stress  drop  should  be  due  to  vis- 
coelastic relaxation  processes,  and  accordingly  a  low  viscosity 


layer  or  an  aseismic  slip  zone  may  extend  up  to  shallow  depth 
in  order  to  produce  such  a  large  stress  accumulation. 

In  conclusions,  the  faulting  along  the  central  Calaveras  fault 
is  highly  heterogeneous.  The  effect  of  one  earthquake  at  the 
location  of  the  next  earthquake  on  adjacent  fault  segment  is 
relatively  small.  It  is,  however,  large  enough  to  trigger  the 
next  earthquake.  The  most  significant  process  of  stressing  may  I 
be  due  to  the  viscoelastic  relaxation  of  the  lithosphere  and 
asthenosphere.  Therefore,  the  fault  rheology  may  control  the 
stress  accumulation.  These  results  should  be  useful  in  evaluat- 
ing the  probability  of  the  occurrence  of  sequential  earthquakes 
along  the  Calaveras  fault  in  eastern  San  Francisco  Bay  Area  as| 
well  as  along  other  active  faults. 
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Historical  Perspective  on  the  Location 

of  the  Calaveras  Fault,  Alameda  and 

Contra  Costa  Counties,  California 

By 
Charles  L.  Taylor 


ABSTRACT 

The  active  Calaveras  fault  has  been  reported  to  extend  approximately  167  km  from  south  of  Hollister  to  San 
Pablo  Bay  in  northern  Contra  Costa  County.  However,  both  seismological  and  geologic  data  now  suggest 
that  this  fault  extends  approximately  1 31  km,  from  south  of  Hollister  to  near  Danville  in  southern  Contra  Costa 
County.    The  data  suggest  that  in  that  area  tectonic  activity  is  transferred  to  the  Concord  fault  in  a  right  step 
along  a  northeast-trending,  near-vertical  fault.  Does  the  Calaveras  fault  extend  farther  north,  or  is  the  Con- 
cord fault  a  logical  extension  of  the  Calaveras  fault?  The  answers  to  these  questions  have  both  political  and 
scientific  implications  for  projects  located  within  central  and  northern  Contra  Costa  County.  An  historical  per- 
spective on  our  understanding  of  the  northern  extension  of  the  Calaveras  fault  illustrates  that  views  regarding 
the  location,  extent,  and  activity  of  a  major  fault  change  over  time. 

Maps  from  the  1900s  to  the  1990s  indicate  that  the  Calaveras  fault  starts  south  of  Hollister  and  enters  the 
Bay  Area  near  Calaveras  Reservoir.  Maps  from  the  1930s  to  60s  show  the  fault  continuing  north  as  the 
Sunol  fault  to  a  location  south  of  Walnut  Creek.  From  there,  the  extension  of  the  Calaveras  fault  varies  de- 
pending on  the  author  and  the  period.  Early  (1900-20s)  and  late  (1950-80s)  mapping  shows  the  fault  continu- 
ing north  along  the  Franklin  fault,  located  in  the  hills  west  of  Walnut  Creek,  to  San  Pablo  Bay.  Some  1930- 
40s  maps/reports  indicate  that  the  fault  continues  up  the  alluvium-filled  Walnut  Creek  and  Concord  valleys  to 
the  Sacramento/San  Joaquin  River,  or  along  the  Southampton  fault,  which  projects  east  of  Vallejo.   During 
the  1960-70s,  a  fault  trace  exhibiting  tectonic  creep  was  identified  traversing  the  City  of  Concord,  along  a  fault 
that  had  been  recognized  during  a  classic  groundwater  study  in  the  1930s.  Since  then,  some  geologists  and 
seismologists  have  suspected  that  the  creep  reflects  tectonic  activity  transferred  from  the  Calaveras  fault. 
Recent  seismological  data  support  this  view.  The  location  of  the  Calaveras  fault  north  of  Danville  remains  an 
unresolved  issue  important  to  scientific  and  political  activities. 


INTRODUCTION 

In  examining  seismic  hazard  studies  in  the  eastern  San  Fran- 
cisco Bay  Area,  one  often  encounters  reference  to  the  "historic 
Calaveras  fault."  This  fault  is  depicted  in  much  of  the  litera- 
ture and  many  seismic  hazard  studies  as  a  single,  coherent 
active  fault  that  extends  165  km  (102  miles)  from  Hollister 
northward  to  San  Pablo  Bay,  and  possibly  beyond  (Lawson, 
il908;  Willis  and  Wood,  1922;  Jenkins,  1938;  Bowen,  1951; 
Byerly,  1951;  and  Radbruch-Hall,  1974).  However,  both 
seismologic  and  geologic  data  suggest  that  the  Holocene  ac- 
tive portion  of  the  Calaveras  fault  zone  extends  from  south  of 
Hollister  (Rogers,  1980)  northward  approximately  120  km  (75 
miles)  to  near  Danville  in  southern  Contra  Costa  County,  and 


that  the  Holocene  active  zone  consists  of  several  independent 
rupture  segments  (Hart  and  others,  1982;  Rogers  and  Halliday, 
1992a:  Simpson  and  others,  1992).  Does  the  Holocene  active 
Calaveras  fault  extend  north  of  Danville,  or  is  the  Holocene 
slip  transferred  to  other  faults?  The  answer  to  this  question 
has  important  implications  for  projects,  communities,  and 
people  located  within  central  and  northern  Contra  Costa 
County.  Available  data,  as  referenced  in  the  Bibliography  that 
follows,  are  insufficient  to  answer  the  question  conclusively. 
The  purpose  of  this  paper  is  to  motivate  the  professional  com- 
munity to  develop  an  acceptable  tectonic  model  for  the  Cala- 
veras fault  system  and  its  possible  extension  into  northern 
Contra  Costa  County. 
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TERMINATION  OF  THE  HOLOCENE  CAL- 
AVERAS FAULT  AND  TRANSFER  OF  SUP 

Based  on  geologic  and  seismologic  data,  it  can  be  hypothe- 
sized that  Holocene  activity  on  the  Calaveras  fault  terminates 
north  of  Danville  (Hart  and  others,  1982),  and  that  slip  along 
the  fault  may  be  transferred  to  other  structures.  Suggested 
modes  of  transfer  include:  (1)  westward  to  the  Hayward  fault 
(Simpson  and  others,  1992)  by  a  series  of  independent,  east- 
verging  thrust  faults  located  between  the  northern  extension  of 
the  Calaveras  fault  and  the  Hayward  fault  (for  instance  the 
Bollinger,  Las  Trampas,  and  Franklin  faults);  (2)  eastward  to 
the  Concord  fault,  possibly  along  a  right-stepping,  left-lateral, 
northeast --trending,  near-vertical  fault  (Oppenheimer  and 
Macgregor-Scott,  1992);  or  (3)  by  a  combination  of  these 
models.  The  data  also  support  an  interpretation  that  the  Con- 
cord fault  is  a  logical  extension  of  the  Holocene  activity  be- 
cause it  exhibits  evidence  of  fault  creep,  a  moderate  level  of 
earthquake  activity,  and  geomorphic  features  indicative  of 
Holocene  activity. 

PROPOSED  HAZARD  MODEL  FOR  THE 
CALAVERAS  FAULT  ZONE 

The  Calaveras  fault  can  be  traced  as  a  fairly  well  defined 
zone  from  near  Hollister  to  south  of  Danville  (Hart  and  others, 
1982),  a  distance  of  about  120  km  (75  miles).  On  the  basis  of 
geomorphic  features,  changes  in  fault  creep  behavior,  and 
different  patterns  of  micro-earthquake  activity,  the  fault  is 
divided  into  a  southern  and  a  northern  segment  (Lindh  and 
Oppenheimer,  1992;  Simpson  and  others,  1992).  More  de- 
tailed studies,  such  as  the  recent  work  by  Simpson  and  others 
(1992),  indicate  that  the  northern  Calaveras  fault  can  be  fur- 
ther subdivided  into  geologically  distant  subsegments. 

Southern  Segment 

The  southern  segment,  which  is  about  76  km  (47  miles) 
long,  extends  from  near  Hollister  to  the  Calaveras  Reservoir 
east  of  San  Jose.  This  segment  is  characterized  by  numerous 
micro-earthquake  epicenters,  recent  moderate-magnitude  (M  5 
to  M  6+)  earthquakes,  fault  creep,  and  abundant  distinctive 
geomorphic  features  characteristic  of  active  faults. 

Northern  Segment 

The  northern  segment  of  the  Calaveras  fault  extends  north 
from  the  Calaveras  Reservoir  for  44  km  (27  miles)  to  the  north 
end  of  the  Alquist-Priolo  Special  Studies  Zones  in  the  Dan- 
ville area  of  Contra  Costa  County.  This  segment  exhibits  few 
to  no  micro-earthquake  epicenters,  no  recent  moderate-magni- 
tude earthquakes,  no  documented  fault  creep,  and  discontinu- 
ous geomorphic  fault  features.  The  Holocene  active  Calaveras 
fault  is  considered  to  terminate  in  the  Danville  area  of  Contra 
Costa  County  (Hart  and  others,  1982;  Rogers  and  Halliday, 
1992a).  Although  geomorphic  features  suggestive  of  a  fault 
origin  extend  north  of  Danville  to  near  Alamo  (Simpson  and 
others,  1 992),  neither  their  origin  nor  the  age  of  their  most 
recent  activity  has  been  documented. 


Segmentation  Point 

The  segmentation  point  between  the  northern  and  southern 
segments  of  the  Calaveras  fault  is  characterized  by  the  branch- 
ing of  the  Hayward  fault  from  the  Calaveras  fault,  a  dramatic 
transfer  of  micro-earthquake  activity  from  the  southern  Cala- 
veras fault  to  the  Hayward  fault  (Simpson  and  others,  1992), 
and  a  significant  decrease  in  slip  rate  on  the  Calaveras  fault 
north  of  the  fault  junction.  The  transfer  of  micro-earthquake 
activity  is  apparent  on  epicenter  plots  of  the  two  faults  (Wong 
and  Hemphill-Haley,  1992). 

SUMMARY 

The  Holocene  activity  on  the  Calaveras  fault  zone  is  consid- 
ered to  terminate  near  Danville,  in  southern  Contra  Costa 
County.  Data  are  insufficient  to  demonstrate  whether  the  Ho- 
locene activity  is  transferred  westward  to  the  Hayward  fault 
by  a  series  of  east-verging  thrust  faults,  eastward  to  the  Con- 
cord fault,  or  onto  both  systems.  Fault  traces  certainly  exist 
north  of  Danville  (Lawson,  1914;  Ham,  1952;  Jennings  and 
Burnett,  1961;  Saul,  1973;  Jennings,  1975  and  1985;  Pampey- 
an,  1979;  Dibblee,  1980;  Dibblee  and  Darrow,  1981;  Earth 
Sciences  Associates,  1983;  Wagner  and  others,  1990).  How- 
ever, data  are  insufficient  to  conclude  that  these  traces  are  part 
of  the  Calaveras  fault  system,  that  they  exhibit  strike-slip  dis- 
placement,  or  that  they  are  Holocene  active.  The  data  suggest 
that  north  of  Danville,  thrust  faults  and  back  thrusts  are  the 
predominant  mode  of  deformation  (Page,  1982;  Aydin  and 
Page,  1982;  Graham  and  others,  1984;  Crane,  1988;  Figuers, 
1991;  Rogers  and  Halliday,  1992a,  1992b).  These  compres- 
sional  features  are  consistent  with  a  left  (restraining)  geometr, 
that  transfers  slip  from  the  Calaveras  to  the  Hayward  fault. 

For  seismic  hazard  studies,  we  suggest  that  the  Holocene 
active  Calaveras  fault  model  consist  of  (1)  a  total  fault  length 
of  120  km  (75  miles);  (2)  a  76-km  (47-mile)  long  southern     J 
segment;  and  (3)  a  44-km  (27-mile)  long  northern  segment.  Ii 
developing  a  comprehensive  model  for  probabilistic  seismic 
hazard  analyses  of  the  San  Francisco  Bay  Area,  Youngs  and 
others  (1992)  estimated  that  the  maximum  moment  magni- 
tudes for  earthquakes  on  the  northern  and  the  southern  Cala- 
veras fault  segments  range  from  M  6.1  to  7.5  and  M  6.6  to  7.' 
respectively.  These  magnitudes,  intended  for  use  in  probabili: 
tic  studies,  are  based  on  estimates  of  fault  segmentation,  poss 
ble  rupture  lengths  within  segments  or  involving  multiple 
segments,  downdip  geometry,  and  consideration  that  a  seg- 
ment may  be  part  of  a  larger  fault  system.  Using  the  above 
fault  lengths  and  empirical  regressions  (Wells  and  Copper- 
smith, 1992),  the  expected  maximum  moment  magnitudes  ar 
judged  to  be:  Calaveras  fault,  M  7.0;  southern  Calaveras  faul 
segment,  M  7.0  to  7.1;  and  northern  Calaveras  fault  segment, 
M  6  3/4  to  7.0.  These  magnitudes  are  based  on  the  assump- 
tion that  fault  rupture  may  occur  along  half  of  the  120-km- 
long  Calaveras  fault,  the  76-km-long  southern  segment,  or  th 
44-km-long  northern  segment. 
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Segmentation  Model  for  the  Northern  Calaveras  Fault, 
Calaveras  Reservoir  to  Walnut  Creek 

by 
Gary  D.  Simpson1,  William  R.  Lettis1,  and  Keith  I.  Kelson1 


ABSTRACT 

On  the  basis  of  geomorphic  expression  and  structural  relations,  we  evaluate  the  location  and  physical 
segmentation  of  the  northern  Calaveras  fault.  North  of  Calaveras  Reservoir,  four  fault  segments  are 
identified:  the  Calaveras  Reservoir,  Sunol,  San  Ramon,  and  Alamo  segments.  These  segments  range 
in  length  from  7  to  23  kilometers  and  are  defined  primarily  by  geomorphic  expression,  fault  geometry, 
seismicity,  intersecting  structures,  and  range-front  orientation.  The  fault  is  characterized  by  relatively 
short,  distinct  fault  segments,  reflecting  the  relative  immaturity  of  the  fault  zone  as  a  through-going  fault 
system.  If  the  identified  segments  represent  independent  fault  rupture  segments,  the  northern  Cala- 
veras fault  probably  ruptures  in  moderate  magnitude  (M  6+1/2)  earthquakes  similar  to  historical  events 
on  the  Calaveras  fault  south  of  Calaveras  Reservoir.  If  two  or  more  segments  rupture  during  a  single 
event,  empirical  regressions  suggest  maximum  magnitudes  ranging  from  M  6  1/2  to  7  1/4.  The  location 
and  nature  of  the  northern  termination  of  the  Calaveras  fault  and  its  structural  association  with  the  Con- 
cord and  Hayward  faults  is  not  clear.  Geomorphic  evidence  of  recent  fault  activity  progressively  dies  out 
north  of  Danville.  The  fault  does  not  extend  as  a  prominent  feature  to  the  Walnut  Creek  basin  and  thus 
transfer  of  strain  to  the  southern  Concord  fault  cannot  be  accommodated  via  a  simple  en  echelon  pull- 
apart  basin  model.  Strain  may  be  transferred  to  the  Concord  fault  via  distributed  deformation  in  the 
northern  San  Ramon  Valley,  as  partially  reflected  by  the  Danville  and  Alamo  earthquake  swarms,  as 
well  as  potentially  to  the  central  and  northern  Hayward  fault  via  a  restraining  stepover  reflected  in  uplift 
of  the  Oakland  Hills. 


INTRODUCTION 

The  northern  Calaveras  fault  zone  extends  from  Calaveras 
Reservoir  on  the  south  to  the  vicinity  of  Walnut  Creek  on  the 
north.  Through  part  of  this  area  it  traverses  the  western  margin 
of  the  densely  populated  San  Ramon  Valley,  including  the 
rapidly  developing  towns  of  Pleasanton,  Dublin,  San  Ramon, 
Danville  and  Alamo.  Location  of  the  fault,  however,  is  poor- 
ly constrained  through  much  of  this  reach  due  to  poor  geo- 
morphic expression  and  concealment  by  large  late  Quaterna- 
ry landslides.  In  addition,  little  is  known  about  the  rate  and 
distribution  of  geologic  slip  along  the  northern  Calaveras 
fault,  or  about  its  northern  termination  and  structural  associa- 
tion with  the  Concord  fault  to  the  northeast  and  Hayward 
fault  to  the  west.  The  sparsity  of  these  data  make  it  difficult 
to  estimate  the  probability  for  future  large  earthquakes  on  the 
fault  (WGCEP,  1990).  In  short,  the  northern  Calaveras  fault 


zone  is  the  most  prominent,  potentially  hazardous  fault  within 
the  Bay  region  for  which  insufficient  information  is  available 
for  reliable  earthquake  hazard  analysis. 

The  northern  Calaveras  fault  zone  (Figure  1)  dies  out  north- 
ward between  Las  Trampas  Ridge  and  Walnut  Creek.  Existing 
structural  models  postulate  that  slip  along  the  northern  Cala- 
veras fault  may  transfer  onto  the  Concord  fault  via  a  right  en 
echelon  step-over  or  right  releasing  bend  (Page,  1982;  Oppen- 
heimer  and  MacGregor-Scott,  1991),  or  that  slip  may  progres- 
sively decrease  northward  and  is  transferred  across  the  East 
Bay  Hills  to  the  Hayward  fault  (Aydin,  1982).  Evidence  for 
the  right  step-over  or  releasing  bend  includes  the  spatial  coin- 
cidence of  the  northern  end  of  the  Calaveras  fault  and  the 
southern  end  of  the  Concord  fault  (Page,  1982;  Dibblee. 
1980),  and  the  presence  of  northeast-trending  seismicity 
across  the  northern  San  Ramon  Valley  (Oppenheimer  and 
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Figure  1 .  Segmentation  model  for  the  northern  Calaveras  fault;  shaded  boxes  depict  uncertainty  in  the  location  of 
segment  boundaries.  Map  also  shows  generalized  topography,  possible  endpoints  of  the  1861  rupture,  and  locations  of 
the  Danville  and  Alamo  earthquake  swarms.  Calaveras  fault  traces  based  on  interpretation  of  aerial  photographs,  field 
reconnaissance,  and  compilation  of  consultants  reports.  Concord,  Verona,  and  Greenville  faults  approximately  located 
based  on  mapping  by  the  Division  of  Mines  and  Geology. 
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MacGregor-Scott,  1991;  Oppenheimer  and  Lindh,  1992).  This 
model  implies  a  continuous  Calaveras-Concord  fault  system, 
the  presence  of  extensional  strain  in  the  step-over  region,  and 
significant  lateral  slip  on  the  Calaveras  fault  extending  into  the 
Walnut  Creek  basin.  Alternatively,  slip  on  the  northern  Cala- 
veras fault  may  progressively  decrease  northward,  and  be 
transferred  across  the  uplifting  East  Bay  Hills  to  the  Hayward 
fault.  This  slip  transfer  may  occur  on  mapped  structures  such 
as  the  Mission,  Las  Trampas,  and  Bollinger  faults,  or  it  may 
occur  on  low-angle  detachment  faults  at  depth.  In  this  scenar- 
io, the  Concord  fault  is  unrelated  to  the  Calaveras  fault,  and 
may  represent  a  continuation  of  the  northern  Greenville  fault 
across  a  left-restraining  step-over  occupied  by  the  Mt.  Diablo 
uplift. 

Relative  to  the  Calaveras  fault  south  of  Calaveras  Reservoir, 
which  is  associated  with  contemporary  seismicity  and  has 
generated  several  moderate-magnitude  earthquakes  (Oppenhe- 
imer and  others,  1990),  the  northern  Calaveras  fault  is  seismi- 
cally  quiescent  and  may  represent  a  seismic  gap  (Oppenhei- 
mer and  Lindh,  1992).  The  fault  probably  ruptured  in  1861, 
when  a  reported  13-kilometer-long  fissure  occurred  along  the 
western  margin  of  San  Ramon  Valley  from  San  Ramon  south 
to  Dublin  (Figure  1;  Toppozada,  1981).  The  exact  location  of 
surface  rupture  is  not  known.  Based  on  historical  accounts  of 
damage  and  felt  reports,  Toppozada  (1981)  assigned  a  Modi- 
fied Mercalli  Intensity  of  VIII  for  the  earthquake,  and  estimat- 
ed a  magnitude  of  5.6.  This  magnitude  designation,  however, 
is  small  relative  to  the  documented  length  of  surface  rupture. 
Based  on  comparisons  with  world-wide  earthquakes  (see  be- 
low), we  believe  the  1861  earthquake  may  have  been  as  large 
as  M6.4.  In  addition,  two  significant  earthquake  swarms  have 
been  documented  in  San  Ramon  Valley  adjacent  to  the  north- 
ern Calaveras  fault,  the  1970  Danville  and  1990  Alamo 
swarms,  with  maximum  magnitudes  of  4  to  4.5  (Figure  1). 
Focal  mechanisms  and  epicenter  locations  for  these  swarms 
show  left-lateral  movement  on  unmapped  northeast-trending 
faults  within  San  Ramon  Valley  and  the  foothills  southwest  of 
Mt.  Diablo  (Oppenheimer  and  MacGregor-Scott,  1991).  The 
seismic  potential  of  the  northern  Calaveras  fault  is  highlighted, 
,  in  part,  by  a  northward  progression  of  earthquakes  along  the 
central  segment  of  the  Calaveras  fault  (Oppenheimer  and  oth- 
ers, 1990).  Because  the  most  recent  event  (1988  M5.1  Alum 
Rock  earthquake)  occurred  just  south  of  the  northern  Cala- 
veras fault,  there  is  an  increased  probability  for  at  least  a  mod- 
erate magnitude  event  occurring  on  the  northern  Calaveras 
fault  near  Calaveras  Reservoir. 

In  this  study,  we  evaluate  the  location  and  physical  segmen- 
tation of  the  northern  Calaveras  fault  zone  between  Calaveras 
Reservoir  and  Walnut  Creek  (Figure  1)  via  compilation  of  a 
tectonic  map,  aerial  photograph  interpretation,  field  reconnais- 
sance, and  detailed  mapping  of  Quaternary  units  along  parts  of 
the  fault  north  of  Sunol  Valley.  In  conjunction  with  paleoseis- 
mic  investigations  near  Calaveras  Reservoir  (Kelson  and  oth- 
ers, 1992),  we  are  attempting  to  develop  a  better  understand- 


ing of  the  northern  Calaveras  fault  and  its  role  in  the  tectonic 
framework  of  the  eastern  San  Francisco  Bay  region.  Our  study 
will  help  assess  the  likelihood  of  future  moderate-  to  large 
magnitude  earthquakes  on  the  fault. 

SEGMENTATION  OF  THE  NORTHERN 
CALAVERAS  FAULT 

Based  on  compilation  of  published  and  unpublished  data, 
interpretation  of  1939,  1966,  and  1974  aerial  photographs,  and 
limited  Quaternary  mapping,  we  have  assessed  the  geomor- 
phic  and  structural  character  of  the  northern  Calaveras  fault. 
The  fault  in  this  region  is  generally  subtly  expressed,  con- 
cealed by  large  landslides,  and  commonly  parallel  to  ridge- 
forming  Tertiary  sedimentary  strata.  It  is  typically  expressed 
by  linear  range-fronts,  deflected  drainages,  topographic  sad- 
dles and  scarps,  groundwater  barriers,  vegetation  lineaments, 
and  tonal  contrasts.  Unfortunately,  urban  development  along 
much  of  the  western  margin  of  San  Ramon  and  Ygnacio  Val- 
leys has  disturbed  many  of  the  prominent  features  visible  on 
1939  aerial  photographs. 

We  identify  four  segments  along  the  Calaveras  fault  north  of 
Calaveras  Reservoir  based  primarily  on  geomorphic  expres- 
sion, fault  geometry,  seismicity,  intersecting  structures,  and 
range  front  orientation.  From  south  to  north,  the  segments  are 
informally  named  the  Calaveras  Reservoir,  Sunol,  San 
Ramon,  and  Alamo  segments  (Figure  1).  These  segment 
designations  are  consistent  with  those  of  Page  (1982),  who 
used  turning  points  in  fault  strike  to  qualitatively  assess  stress 
changes  within  individual  segments.  A  discussion  of  segment 
boundaries,  fault  morphology,  and  characteristics  of  individual 
segments  follows. 

Calaveras  Reservoir  segment  Unlike  northwest-trending 
segments  to  the  north  and  south,  the  7-km  Calaveras  Reservoir 
segment  trends  roughly  north-south  and  occupies  a  1.5-  to  3.0 
kilometer-wide  releasing  double  bend  between  the  southern 
end  of  Calaveras  Reservoir  and  the  southern  end  of  Sunol 
Valley  (Figure  1).  The  southern  end  of  this  segment  is  defined 
by  an  approximately  20°  change  in  fault  orientation  at  the 
southern  end  of  Calaveras  Reservoir,  and  by  an  intersection  of 
the  fault  zone  with  a  prominent  trend  in  microseismicity  that 
diverges  from  the  Calaveras  fault  toward  the  mapped  trace  of 
the  Mission  fault  (Wong  and  Hemphill-Haley,  1992).  This 
microseismicity  trend  may  reflect  a  fault  zone  at  seismogenic 
depths  along  which  slip  is  transferred  from  the  central  Cala- 
veras fault  to  the  southern  segment  of  the  Hayward  fault 
(Wong  and  others,  1991;  Andrews,  1991).  The  northern  end  of 
the  Calaveras  Reservoir  segment  is  defined  by  a  20°  to  25° 
northwesterly  bend  in  the  fault  trace  near  the  southern  end  of 
Sunol  Valley. 

The  most  pronounced  lineament  along  this  reach  of  the  fault 
zone  is  a  prominent  linear  scarp  at  Leyden  Creek  (Kelson  and 
others,  1991,  1992).  This  linear  scarp  aligns  with  a  topograph- 
ic saddle  and  linear  drainage  at  the  northern  end  of  Calaveras 
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Reservoir,  but  cannot  be  traced  to  the  north  where  the  fault 
trace  is  coincident  with  lithologically-controlled  topography. 
Based  on  the  presence  of  a  prominent  contrast  in  basement 
lithology  coincident  with  the  scarp  and  evidence  of  multiple 
late  Holocene  faulting  events  (Kelson  and  others,  1992),  we 
interpret  this  to  be  the  active  trace  of  the  Calaveras  fault. 

The  Calaveras  Reservoir  segment  is  unlikely  to  produce  an 
independent  large-magnitude  earthquake  because  of  its  short 
length  (7  kilometers)  and  location  within  a  releasing  bend  of 
the  fault  zone.  Rather,  the  segment  primarily  represents  our 
uncertainty  in  locating  the  juncture  of  the  central  and  northern 
Calaveras  fault  zones.  The  fault  segment  is  most  likely  to 
rupture  along  with  a  neighboring  segment  to  either  the  north 
or  south.  The  Calaveras  Reservoir  segment  could,  therefore, 
form  the  end  point  of  ruptures  from  either  direction,  but  a 
throughgoing  rupture  is  unlikely.  In  any  case,  multiple  late- 
Holocene  events  are  documented  near  the  northern  end  of  the 
Calaveras  Reservoir  segment  at  Leyden  Creek  (Kelson  and 
others,  1992). 

Sunol  segment.  The  Sunol  segment  of  the  northern  Cala- 
veras fault  extends  for  a  distance  of  9  kilometers  along  the 
eastern  margin  of  Sunol  Valley,  from  the  northwesterly  bend 
defining  the  northern  end  of  the  Calaveras  Reservoir  segment, 
to  the  southern  end  of  Pleasanton  Ridge  (Figure  1).  Although 
the  Calaveras  fault  is  poorly  expressed  geomorphically  in  the 
southern  part  of  Sunol  Valley,  it  forms  a  prominent  linear 
range  front  along  the  northeastern  margin  of  the  valley.  The 
mapped  trace  of  the  Sinbad  fault  (California  Department  of 
Water  Resources,  1974)  forms  the  southwestern  margin  of 
Sunol  Valley,  a  steep  linear  range  front  marked  by  several 
faceted  spurs.  The  apparent  en  echelon  nature  of  the  opposing 
linear  range  fronts  bordering  a  subsiding  basin  suggests  that 
the  valley  may  be  a  pullapart  basin  formed  by  a  0.7-  to  1.5- 
km-wide  right  step.  Subsidence  of  Sunol  Valley  is  indicated 
by  Quaternary  gravels  beneath  the  valley  floor  at  a  lower  ele- 
vation than  the  bedrock  sill  at  the  northern  end  of  the  valley, 
and  by  the  lack  of  stream  terraces  bordering  Alameda  Creek 
on  the  flat  valley  floor.  Based  on  geomorphic  expression,  the 
Sunol  segment  consists  of  several  N12°-15°W  trending  fault 
strands  in  a  relatively  narrow,  less  than  250-m-wide  zone.  At 
the  northern  end  of  the  valley,  a  northward  diverging  fault 
trace  marked  by  a  tonal  lineament  trends  approximately 
N40°W  toward  Pleasanton  Ridge.  Trench  exposures  along  this 
lineament  show  displacements  of  probable  Holocene  deposits 
along  this  trace  near  Interstate  680  (J.  VanVelsor,  personal 
communication,  1991). 

Definition  of  the  northern  segment  boundary  is  based  prima- 
rily on  a  reversal  in  sense  of  apparent  vertical  separation  be- 
tween Sunol  Valley  and  Pleasanton  Ridge.  Within  Sunol  Val- 
ley, the  fault  forms  a  prominent  west-facing  escarpment  re- 
flecting a  component  of  up-on-the-east  vertical  separation. 
North  of  Sunol  Valley,  the  fault  traverses  the  east  side  of 
Pleasanton  Ridge,  suggesting  a  component  of  up-on-the-west 
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vertical  separation.  This  segment  boundary  also  coincides 
with  the  closest  approach  of  the  Verona  fault,  and  possibly  th< 
southern  termination  of  rupture  during  the  1861  earthquake 
(as  described  below). 

San  Ramon  segment  The  San  Ramon  segment  of  the 
northern  Calaveras  fault,  the  longest  of  the  segments  defined 
by  our  study,  extends  for  a  distance  of  23  kilometers  from 
Pleasanton  Ridge  to  north  of  San  Ramon  (Figure  1).  At  the 
south  end  of  the  segment,  the  fault  is  concealed  by  large  Qua- 
ternary landslides  along  much  of  the  southern  part  of  Pleasan 
ton  Ridge.  North  of  the  landslide  complex,  the  fault  is  well- 
expressed  by  a  clear  linear  depression,  vegetation  and  tonal 
lineaments,  sag  ponds,  and  several  deflected  drainages  near 
Tehan  Canyon.  Location  of  the  fault  is  documented  between 
Dublin  Canyon  and  Tehan  Canyon  by  several  unpublished 
trench  studies  (Burkland  and  Associates,  1973a,  1973b;  Pur- 
cell,  Rhoades  and  Associates,  1989).  The  fault  trends  approxi 
mately  N22°W  through  this  reach  and,  on  the  basis  of  geo- 
morphic expression,  is  confined  to  a  250-m-wide  zone. 

Published  accounts  of  the  1861  earthquake  (Toppozada, 
1981)  suggest  that  fault  rupture  occurred  entirely  along  the 
San  Ramon  segment.  Based  on  the  strong  geomorphic  expres 
sion  of  the  fault  between  San  Ramon  and  Tehan  Canyon,  and 
on  historical  accounts  of  the  length  of  ground  rupture,  we 
believe  the  1861  rupture  extended  across  Dublin  Canyon,  anc 
may  have  extended  southward  to  Tehan  Canyon  (Figure  1). 
Because  there  are  abundant  landslides  obscuring  the  fault  tra< 
along  Pleasanton  Ridge,  it  is  possible  that  fault  rupture  extern 
ed  south  of  Tehan  Canyon  in  1861.  Based  on  geomorphic 
expression  and  the  findings  of  Toppozada  (1981)  the  northen 
extent  of  the  1861  rupture  probably  coincides  with  the  north- 
ern end  of  the  San  Ramon  segment,  near  Danville  (Figure  1). 

Dublin  Canyon  is  the  southernmost  major  drainage  crossinj 
the  San  Ramon  segment  (Figure  1).  The  Calaveras  fault  form 
a  series  of  linear,  faceted  range  fronts  along  the  foothills  di- 
rectly north  and  south  of  Dublin  Canyon.  The  fault  trace  de- 
fined by  these  range  fronts  makes  a  700-  to  800-m  right  step 
or  bend  across  the  canyon  (Figure  1 ).  Northward  divergent 
lineaments  south  of  Dublin  Canyon,  and  a  series  of  springs 
and  tonal  contrasts  in  the  foothills  to  the  north,  suggest  that  tl 
fault  zone  is  up  to  a  kilometer  wide  through  this  bend.  A  low 
topographic  scarp  was  present  on  the  Dublin  Canyon  alluvial 
fan  prior  to  development  and  a  fault  is  identified  in  several 
consultants'  trenches  and  in  the  Martin  Creek  channel  (Car- 
penter, 1975).  Most  previous  workers  suggest  that  the  scarp 
represented  surface  rupture  associated  with  the  1861  earth- 
quake. North  of  Dublin  Canyon,  geomorphic  expression  of  tl 
fault  defines  a  narrow  400-m-wide,  N25°W-trending  zone. 

The  right-step  or  bend  at  Dublin  Canyon  may  define  a  fur- 
ther segmentation  point  within  the  San  Ramon  segment.  For 
our  initial  model  however,  we  have  not  placed  a  boundary 
here  because  of  the  lack  of  multiple  lines  of  evidence  suppor 
ing  such  a  designation.  Other  than  the  bend  in  the  fault  trace. 
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here  are  no  other  characteristics  indicative  of  a  segmentation 
x>int  (e.g.,  changes  in  seismicity,  intersecting  structures,  etc.). 
n  addition,  the  width  of  the  bend  or  step  is  probably  not  suffi- 
:ient  to  define  a  segment  boundary.  Finally,  based  on  the 
ength  of  rupture,  presence  of  the  low  scarp  crossing  the  Dub- 
in  Canyon  fan,  and  prominent  geomorphic  expression  of  the 
ault  continuing  to  the  south,  it  is  likely  that  the  1861  event 
•uptured  across  this  step. 

San  Ramon  Canyon  forms  another  large  drainage  along  the 
2ast  Bay  Hills  range  front  north  of  Sunol  Valley  (Figure  1). 
The  fault  zone  is  geomorphically  well  defined  north  and  south 
)f  San  Ramon  Canyon  by  topographic  saddles,  scarps,  and 
inear  fronts,  and  is  identified  in  several  consultants'  trenching 
;tudies.  As  at  Dublin  Canyon,  the  fault  makes  an  apparent 
ight  step  or  bend  across  San  Ramon  Canyon  (Figure  1).  The 
tone  of  fault-related  lineaments  diverges  northward  (to  a  max- 
mum  width  of  600  m)  through  the  800-m-wide  step,  then 
converges  to  the  north  to  form  a  narrow  zone  along  the  north- 
jast  side  of  Las  Trampas  Ridge.  Rogers  and  Halliday  (1992), 
lowever,  suggest  that  the  trace  of  the  Calaveras  fault  north  of 
San  Ramon  Canyon  may  be  even  farther  east  than  previously 
issumed,  which  would  make  the  width  of  the  right  step  even 
greater.  About  2.5  km  north  of  San  Ramon  Canyon,  the  fault 
Wkes  an  approximately  10°  northwesterly  bend  to  N35°W. 

The  northern  boundary  of  the  San  Ramon  segment  is  located 
ust  north  of  San  Ramon  Canyon  (Figure  1);  it  is  defined  by  a 
lumber  of  factors,  including  changes  in  seismicity  and  fault 
orientation,  and  the  presence  of  intersecting  structures  within 
he  East  Bay  Hills.  This  location  is  coincident  with  the  inter- 
jection of  a  northeast-trending  left-lateral  fault  defined  by  the 
1970  Danville  earthquake  swarm  (Figure  1).  In  addition,  this 
ooundary  is  marked  by  an  approximately  10°  change  in  fault 
strike,  and  the  mapped  intersection  of  the  more  northwesterly- 
Irending  Las  Trampas  and  Bollinger  Canyon  faults  (Dibblee, 
i980;  Wagner,  1978).  The  northern  boundary  is  also  directly 
'2.5  km)  north  of  the  >0.8-kilometer-wide  right  bend  or  step  in 
he  fault  across  San  Ramon  Canyon. 

Alamo  segment  The  Alamo  segment  extends  for  9  kilome- 
ers  from  the  north  end  of  the  San  Ramon  segment  to  the  vi- 
cinity of  Castle  Hill.  The  southern  and  northern  ends  of  the 
fault  segment  are  defined,  in  part,  by  the  apparent  intersection 
of  northeast-trending,  left-lateral  faults  within  San  Ramon 
Valley  delineated  by  the  1970  Danville  and  1990  Alamo 
;arthquake  swarms,  respectively  (Figure  1).  In  general,  this 
segment  of  the  northern  Calaveras  fault  is  characterized  by  the 
diffuse  microseismicity  bordering  its  northeastern  side,  as 
opposed  to  the  relatively  aseismic  areas  around  and  along  the 
San  Ramon  segment  (Oppenheimer  and  Lindh,  1992).  North 
of  San  Ramon  Canyon,  the  Calaveras  fault  is  located  at  the 
base  of  a  well-defined  range  front,  and  is  expressed  by  a  nar- 
row (less  than  300-m-wide)  zone  of  topographic  and  tonal 


lineaments,  although  large  landslides  obscure  the  fault  west  of 
Danville  (Figure  1).  The  fault  zone  becomes  increasingly  dif- 
fuse near  the  south  end  of  Castle  Hill  (Figure  1).  Based  on 
available  data  and  geomorphic  expression,  the  northern  extent 
of  the  northern  Calaveras  fault  can  not  be  definitively  located. 
Previous  workers  (Herd,  1978;  Dibblee,  1980)  mapped  the 
fault  along  two  linear  drainages  at  the  southern  end  of  Castle 
Hill  that  trend  to  the  west-northwest  toward  Tice  Valley. 
Trenching  studies,  however,  failed  to  uncover  an  active  fault 
within  these  drainages.  Based  on  field  reconnaissance  and 
interpretation  of  aerial  photographs  of  the  Walnut  Creek  basin, 
we  found  no  geomorphic  features  indicative  of  Holocene  fault 
activity  north  of  Castle  Hill.  The  northeastern  side  of  Castle 
Hill  is  marked  by  several  conspicuous  linear  fronts  and  appar- 
ent shutter  ridges,  but  no  previous  worker  has  mapped  the 
fault  this  far  north  along  the  San  Ramon  Valley  margin.  Late 
Quaternary  deposits  within  Las  Trampas  Valley  (Figure  1) 
have  no  fault-related  features,  and  there  is  no  apparent  deflec- 
tion of  Las  Trampas  Creek.  Therefore,  we  place  the  northern 
boundary  of  the  Alamo  segment,  and  therefore,  the  northern 
termination  of  the  Calaveras  fault,  near  Castle  Hill.  This  desig- 
nation defines  a  9-km-long  segment.  Because  of  its  diffuse 
structural  character,  the  Alamo  segment  is  probably  not  an 
independent  source  of  large-magnitude  earthquakes.  This 
segment,  in  part,  represents  our  uncertainty  in  locating  the 
northern  end  of  the  Calaveras  fault. 

Because  of  poor  geomorphic  expression  and  lack  of  data  on 
the  amount  and  distribution  of  slip  along  the  northern  Cala- 
veras fault,  it  is  not  possible  to  determine  the  nature  of  the 
structural  relationship  between  the  Calaveras  and  Concord 
faults.  From  a  strictly  geomorphic  perspective,  the  Walnut 
Creek/Ygnacio  Valley  basin  is  the  most  likely  location  for  slip 
transfer  between  the  two  faults;  the  overall  morphology  here 
would  be  consistent  with  a  simple  pull-apart  basin.  There  is, 
however,  no  evidence  of  active  faulting  along  the  western 
margin  of  the  Walnut  Creek/Ygnacio  Valley  basin  to  support 
this  model.  Alternatively,  Oppenheimer  and  MacGregor-Scott 
(1991)  postulate  that  slip  is  transferred  between  the  Calaveras 
and  Concord  faults  via  short,  northeast  trending  left-lateral 
faults  defined,  in  part,  by  the  Alamo  and  Danville  earthquake 
swarms.  However,  there  is  no  prominent  geomorphic  expres- 
sion of  these  faults  within  San  Ramon  Valley,  and  the  series  of 
topographic  and  structural  highs  (Alamo  Ridge,  Sherburne 
Hills,  Sugarloaf  Hill,  Shell  Ridge)  northeast  of  Danville  and 
Alamo  are  not  typical  features  for  an  extensional  strain  field 
within  a  releasing  stepover.  The  broad  distribution  of  strain 
across  the  stepover  may  inhibit  development  of  features  indic- 
ative of  faulting.  At  the  very  least,  the  left-lateral  faults  asso- 
ciated with  the  Danville  and  Alamo  swarms  represent  conju- 
gates to  the  northern  Calaveras  fault  (Oppenheimer  and 
MacGregor-Scott,  1991),  and  indicate  that  some  degree  of 
active  right-lateral  slip  is  occurring  on  the  Alamo  segment. 
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ESTIMATES  OF  MAXIMUM  MAGNITUDE 

Earthquake  magnitudes  for  the  fault  segments  defined  in  this 
study  (and  all  possible  groups  of  segments)  are  estimated 
based  on  empirical  relations  comparing  rupture  length  or  rup- 
ture area  with  magnitude  (Table  1;  Wells  and  Coppersmith, 
1992;  Slemmons,  1982;  Bonilla  and  others,  1984;  Wyss, 


of  the  rupture,  probably  south  of  Dublin  along  Pleasanton 
Ridge,  however,  does  not  appear  to  coincide  with  any  feature 
or  change  in  fault  characteristic  that  would  suggest  a  segmen- 
tation point.  Rupture  may  have  continued  undetected  farther 
south  along  Pleasanton  Ridge,  where  it  is  obscured  by  land- 
slides. 


Table  1.   Proposed  fault  segments  for  the  northern  Calaveras  fault  with  associated  lengths,  rupture  areas, 

and  magnitudes. 

rupture  length  vs. 

magnitude 

rupture  area  vs.  magnitude 

Segment 

length 

W&C 

B,M,L 

s 

area1 

W&C 

W 

(km) 

(MJ 

(Ms) 

(MJ 

(km2) 

(MJ 

(MJ 

- 

CR-SUN 

16 

6.5 

7.0 

6.3 

192 

6.3 

6.4 

CR-SUN-SR 

39 

6.9 

7.2 

6.8 

468 

6.7 

6.8 

SUN 

9 

6.2 

6.8 

6.0 

108 

6.1 

6.2 

SUN-SR 

32 

6.8 

7.2 

6.7 

384 

6.6 

6.7 

SUN-SR-AL 

41 

6.9 

7.2 

6.8 

492 

6.7 

6.8 

SR 

23 

6.7 

7.1 

6.6 

276 

6.5 

6.6 

SR-AL 

32 

6.8 

7.2 

6.7 

384 

6.6 

6.7 

CR-SUN-SR-AL  (ah) 

48 

7.0 

7.3 

6.9 

576 

6.8 

6.9 

W&C  =  Wells  and  Coppersmith  (1992);  B,M,L  =  Bonilla,  Marks,  and  Lienkaemper  (1984);  S  =  Slemmons  (1982);  W  =  Wyss  (1979) 

CR  =  Calaveras  Reservoir;  SUN  =  Sunol;  SR  =  San  Ramon;  AL  =  Alamo 

1area  calculated  assuming  vertical  fault,  12  km  depth  (conservative  estimate  based  on  Danville  earthquake  swarm,  see  Oppenheimer  and  Lindh, 

this  volume) 


1979).  The  empirical  relations  are  statistical  regressions  based 
on  historical  earthquakes  that  provide  a  means  for  estimating 
earthquake  magnitudes  based  on  comparisons  within  a  large 
regional  or  world-wide  database. 

Assessment  of  maximum  magnitudes  for  the  northern  Cala- 
veras fault  is  dependent  on  whether  the  segments  defined  in 
this  study  represent  independent  rupture  segments  or  whether 
two  or  more  segments  may  rupture  in  a  single  event.  Due  to 
the  strong  heterogeneity  in  fault  characteristics,  we  believe  it 
is  highly  unlikely  that  the  entire  northern  Calaveras  fault  will 
rupture  in  a  single  event.  Maximum  magnitudes  for  individual 
segments  range  from  about  M  6  1/4  to  6  1/2  and  from  M  6  1/ 
2  to  7  for  groups  of  two  or  three  segments  rupturing  simulta- 
neously. 

It  should  be  noted  that,  based  on  intensity  reports  and  distri- 
bution, Toppozada  (1981)  estimated  the  1861  earthquake  to  be 
approximately  M5.6.  Assuming  a  rupture  length  of  13  km  (8 
miles),  the  empirical  relations  described  above  suggest  an 
earthquake  of  M6.4  or  greater.  Based  on  historic  accounts,  this 
earthquake  apparently  ruptured  only  a  part  of  the  San  Ramon 
segment.  The  likely  location  of  the  northern  end  of  rupture, 
north  of  San  Ramon  (Toppozada,  1981)  agrees  well  with  the 
location  of  our  segment  boundary  in  this  area.  The  south  end 


CONCLUSIONS 

North  of  Calaveras  Reservoir,  we  identify  four  segments 
along  the  northern  Calaveras  fault.  The  two  principal  seg- 
ments, the  Sunol  and  San  Ramon  segments,  have  lengths  of  9 
and  23  kilometers,  respectively.  Based  on  the  continuity  and 
geomorphic  expression  of  these  segments,  both  may  be  poten- 
tial sources  for  moderate-  to  large-magnitude  earthquakes.  The 
Calaveras  Reservoir  and  Alamo  segments,  9  and  7  kilometers 
respectively,  are  unlikely  to  represent  independent  seismogen- 
ic  sources  due  to  their  short  lateral  extent  and/or  diffuse  ex- 
pression. However,  these  segments  may  act  as  the  termination 
or  nucleation  points  for  earthquakes  extending  from  or  onto 
neighboring  segments.  Based  on  published  empirical  relations, 
maximum  magnitude  estimates  range  from  6  1/4  to  7  for  indi- 
vidual segments  and  groups  of  segments,  respectively,  to  7  1/4 
if  the  entire  48-kilometer  length  of  the  northern  Calaveras 
fault  should  rupture  in  a  single  event. 

Based  on  available  data,  field  exposures,  and  geomorphic 
expression,  the  northern  Calaveras  fault  terminates  along  Las 
Trampas  Ridge  before  reaching  the  Walnut  Creek  basin.  Slip 
may  transfer  to  the  Concord  fault  across  a  right  en  echelon 
stepovcr,  but  the  location  and  nature  of  this  transfer  is  still 
unclear.  Overall  geomorphic  expression  suggests  that  the  Wal- 
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nut  Creek/Ygnacio  Valley  areas  may  be  an  extensional  pull- 
apart  basin,  although  there  is  no  evidence  that  the  Calaveras 
fault  extends  far  enough  to  the  north.  Seismicity  suggests  the 
transfer  of  slip  may  occur  across  a  diffuse  zone  in  the  northern 
San  Ramon  Valley. 
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Exploring  the  Calaveras-Las  Trampas  Fault  Junction  in 

the  Danville-San  Ramon  Area 


by 


J.  David  Rogers1  and  John  M.  Halliday1 


ABSTRACT 

The  authors  have  participated  in  recent  detailed  studies  to  examine  the  northern  Calaveras  fault,  where  it  bifur- 
cates with  the  Las  Trampas  fault.  These  investigations  included  a  compilation  of  deep  wells  for  water  and  petro- 
leum exploration,  geologic  literature  review,  surface  trench  exploration,  and  emplacement  of  our  own  deep  borings 
intended  to  penetrate  the  mega-landslides  mantling  Las  Trampas  Ridge  in  the  San  Ramon  -  Danville  area. 

In  the  reach  north  of  San  Ramon's  Crow  Canyon  Boulevard,  the  Las  Trampas  fault  acutely  diverges  from  the 
Calaveras,  heading  for  Lafayette  to  the  northwest.   Deep  borings  penetrating  the  Las  Trampas  fault  confirm  its 
presence,  and  suggest  that  it  is  a  thrust,  overriding  and  deforming  the  intervening  block  between  the  thrust  plate 
and  the  near-vertical  Calaveras  fault  zone.  The  Las  Trampas  megaslide  complex  appears  to  parallel  the  projected 
surface  trace  of  the  Las  Trampas  fault,  suggesting  that  this  semi-continuous  slide  complex  is  probably  structurally 
controlled.  Other  deep  borings,  penetrating  the  megaslides,  suggest  that  they  translated  on  gouge-like  material, 
seemingly  identical  to  that  found  in  the  Las  Trampas  gouge  zone.  Computer-aided  landform  modeling  was  utilized 
to  sequentially  reconstruct  Pleistocene  topography  by  back-analyzing  recognized  slide  blocks  and  returning  them  to 
their  original  positions.  These  analyses  suggest  that  large  blocks  of  Briones  sandstone  (from  the  overthrust  plate) 
failed  in  a  progressive  series  of  catastrophic  slide  events,  emanating  from  the  thrust  plate  boundary  and  carrying 
0.5  to  2  km  out  into  the  San  Ramon  Valley,  overriding  older  Monterey  Formation  units,  which  occupy  the  wedge 
caught  between  the  Las  Trampas  and  Calaveras  faults. 

Extensive  trenching  of  the  north  Calaveras  over  a  considerable  range  suggests  that  queried  "active  traces"  of  the 
Calaveras  shown  on  the  1982  Alquist-Priolo  Special  Studies  Zone  strip  maps  are  relatively  minor-scale  features, 
and  may  represent  the  surface  expression  described  at  the  time  of  the  1 861  event.   In  any  case,  deep  boring  data 
confirm  that  this  supposed  "trace"  of  the  fault  is  not  the  main  trace,  but  more  likely  ancillary  "flower  structures"  asso- 
ciated with  coseismic  consolidation  of  the  megaslide  materials  during  paleoearthquakes.  Even  though  coseismic  in 
origin,  such  features  are  not  categorically  attributable  to  slippage  on  the  northern  Calaveras,  although  the  1861 
observations  might  suggest  this  is  the  case.   If  the  1861  event  actually  spawned  continuous  ground  rupture  10  to  13 
km  long,  it  must  have  been  on  the  northern  trace  of  the  Calaveras  and  with  a  Richter  magnitude  of  at  least  5.6 
(Toppozada  and  others,  1981).  We  are  left  to  conclude,  therefore,  that  the  northern  Calaveras  must  be  an  active 
fault,  capable  of  M  6+  events,  but  that  it  exhibits  little  aseismic  creep.   In  addition,  the  ground  ruptures  spawned  in 
the  1861  event  do  not  appear  to  emanate  from  the  main  trace  of  the  fault  north  of  San  Ramon,  leaving  us  with  the 
conclusion  that  we  still  have  much  to  learn  about  the  Calaveras  and  Las  Trampas  faults. 


INTRODUCTION 

Recent  detailed  studies  examined  the  northern  San  Ramon 
-segment  of  the  Calaveras  fault  between  Crow  Canyon  Road  in 
>an  Ramon  and  the  town  of  Danville  (Figure  1).  This  area 
ncludes  the  Las  Trampas  fault  -  Calaveras  fault  junction. 
These  investigations  included  compilations  of  deep  water  well 
ind  petroleum  exploration  logs,  literature  review,  surface 
rench  exploration,  shallow  and  deep  exploratory  borings  in- 
ended  to  penetrate  the  mega-landslide  complexes  mantling 
^as  Trampas  Ridge  in  this  area  (Figure  2). 


In  the  northernmost  portion  of  the  San  Ramon  segment 
(Simpson  and  others,  1992),  the  Las  Trampas  fault  of  Wagner 
(1978)  diverges  from  the  Calaveras  fault,  trending  northwest 
towards  Lafayette.  The  topography  of  the  area  is  dominated 
by  a  series  of  ridges  that  parallel,  and  are  structurally  related 
to,  the  Bolinger  thrust  and  Las  Trampas  fault  (Figure  1).  A 
long  continuous  series  of  paleolandslides  blanket  the  eastern 
flank  of  Las  Trampas  Ridge  between  Crow  Canyon  Road  and 
Danville,  a  distance  of  8  km  (Figure  2).  This  complex  of 
slides  was  originally  mapped  by  Nilsen  (1975).  Subsequent 
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investigations  by  Wagner  (1978)  and  Rogers  (1986)  revealed 
the  bulk  of  this  paleolandslide  mass  to  be  comprised  of  the 
Briones  sandstone  member  of  the  Miocene-age  Monterey 
formation,  which  comprises  Las  Trampas  Ridge.  The  land- 
slide complex  is  thought  to  be  at  least  100,000  years  old 
(Glenn  Borchardt,  personal  communication).  The  internal 
geometry  and  stratigraphy  of  the  slide  mass  is  quite  consistent, 
parallelling  the  structural  grain  of  the  ridge.  Because  of  their 
size,  the  landslides  have  masked  the  actual  traces  of  the  Cala- 
veras and  the  Las  Trampas  faults.  Previous  workers  tentative- 
ly located  the  faults  based  on  regional  stratigraphic  relation- 
ships and  localized  geomorphic  features,  but  their  actual  loca- 
tion is  still  unknown. 

In  1966,  Signal  Oil  drilled  a  deep  exploration  well  within  a 
headscarp  graben  of  the  Las  Trampas  slide  complex  on  the 
Elworthy  Ranch  in  Danville  (Figure  3).  Other  oil  companies 
drilled  similar  wells  upon  Las  Trampas  Ridge,  several  kilome- 
ters to  the  north  (Figure  1).  Directly  beneath  the  slide  com- 
plex, Signal  Elworthy  #1  appeared  to  penetrate  the  Las  Tram- 
pas thrust  zone.  This  zone  is  marked  by  a  thick  section  of 
complexly  deformed  Monterey  strata  (Figure  3).  This  infor- 
mation does  not  appear  on  the  well  logs  available  from  the 
Division  of  Oil  and  Gas.  It  was  provided  by  the  geologist  who 
sat  and  interpreted  the  well.  The  Las  Trampas  slide  complex 
appears  to  parallel  the  surface  trace  of  the  Las  Trampas  thrust, 
suggesting  that  the  slide  complex  is  structurally/stratigraphi- 
cally  controlled.  Deep  rotary  borings  were  extended  through 
the  slide  complex  in  an  effort  to  identify  the  strata  beneath  it 
on  the  Elworthy  parcel  (Rogers/Pacific,  1990).  Subsurface 
samples  recovered  from  these  borings  suggest  that  the  slide 
complex  translated  gouge-like  material,  seemingly  identical  to 
that  found  within  the  Las  Trampas  thrust  zone.  This  gouge 
contains  exotic  pebbles,  such  as  blue  schist  and  serpentine,  not 
seen  in  local  outcrops. 

A  detailed  cross  section  through  the  Las  Trampas  slide  com- 
plex at  the  Elworthy  Ranch  is  presented  as  Figure  4.  Land- 
form  reconstruction  was  accomplished  utilizing  a  progressive 
series  of  two-dimensional  back-analyses  and  stratigraphic 
relationships  noted  within  the  displaced  slide  mass  and  upon 
Las  Trampas  Ridge.  These  analyses  suggest  that  large  blocks 
of  Briones  sandstone  (from  the  overthrust  plate)  failed  as  a 
series  of  progressive,  catastrophic  slides  that  moved  0.5  to  2 
km  out  into  the  San  Ramon  Valley.  The  Briones  blocks  over- 
rode Monterey  formation  shales,  which  form  the  Las  Trampas 
thrust  zone.  A  significant  finding  of  this  study  was  the  discov- 
ery of  what  appears  to  be  a  lower  trace  of  the  Las  Trampas 
thrust  zone,  as  suggested  in  Figures  1,  3  and  4. 

The  deep  borings  also  suggested  that  the  main  trace  of  the 
Calaveras  probably  lies  east  of  the  previously  identified  trace, 
closer  to  Interstate  680  at  the  Elworthy  Ranch  (Figures  1  and 
4),  before  taking  a  sharp  turn  that  parallels  the  northern  end 
of  the  San  Ramon  Valley  in  Danville.  This  modification 
moves  the  presumed  trace  of  the  main  fault  about  300  m  east 
of  the  previously  reported  positions  of  Herd  (1979),  Hart 


(1981)  and  other  consultants,  but  matches  well  with  that  sug£. 
ed  by  Crane  (1988).  The  Calaveras  north  of  this  area  is  currei 
being  studied  by  Tim  Hall  and  Charles  Taylor  of  Geomatrix  C 
sultants  for  East  Bay  MUD. 

Extensive  surface  trenching  of  the  Calaveras  in  this  area  sug- 
gests that  the  "active  traces"  of  the  Calaveras  shown  on  the  19! 
Alquist-Priolo  Special  Studies  Zone  strip  maps  are  probably  m 
features,  but  may  represent  the  surface  expression  described  at 
time  of  the  July  1861  earthquake.  A  linear  feature  seen  in  aeri; 
photographs  (Figure  5)  appears  to  coincide  with  the  projected ; 
surface  trace  of  the  lower  Las  Trampas  thrust  zone.  Howevei 
when  this  feature  was  carefully  trenched,  no  pure  evidence  oi 
strike-slip  faulting  was  found.  Instead,  the  strata  within  the  s 
complex  were  deformed  in  a  series  of  minor  flower  structure; 

On  July  3,  1861  a  violent  earthquake  struck  the  Amador  am 
San  Ramon  valleys  (Contra  Costa  Gazette,  1861a,  1861b). 
Townley  and  Allen  (1939)  estimated  the  intensity  of  shaking 
have  been  Modified  Mercalli  Intensity  IX.  Mining  and  Scien 
ic  Press  (1861)  reports  that  the  shaking  lasted  15  seconds  in  S 
Francisco,  almost  50  km  away.  Residents  reported  observing 
near-continuous  ground  crack,  10  to  13  km  long,  stretching  fi 
the  Amador  Valley  in  Pleasanton,  northward,  into  Danville. 
Trask  (1864)  reports  that  crack  on  three  ranches  in  the  Danvi 
San  Ramon  area,  those  of  Labaree,  Porter  and  Hunt.  Subseqi 
evaluation  of  County  census  and  tax  assessor  records  reveals 
Labaree  and  Porter  were  neighbors  in  1861,  with  Labaree  loc 
ed  on  what  is  now  the  Elworthy  Ranch  and  Porter  just  to  the 
south,  on  what  is  now  the  Peters  ranch  development.  Other  r 
ports  of  these  individuals'  homes  by  Herd  (1979)  would  appe 
to  be  incorrect,  having  been  based  on  positions  these  individt 
moved  to  in  the  mid-1860's,  after  the  quake  (Wood,  1928).  1 
exact  location  of  Hunt  has  yet  to  be  confirmed,  but  is  thought  ti 
between  Crow  Canyon  Road  and  Peters  Ranch. 

The  occurence  of  the  July  1 861  quake  should  cause  us  to  stoj 
and  consider  the  widely-held  premise  that  the  northern  Calavei 
is  "dead",  because  of  the  paucity  of  recent  (post- 1970)  microse 
mic  activity  and  surface  creep.  Toppozada  and  others  (1981) t 
tatively  assigned  a  Richter  Magnitude  of  5.6  to  this  quake,  but 
unaware  of  4  of  the  5  references  cited  above.  Continuous  grou 
rupture  10  to  13  km  long  may  actually  equate  to  a  much  larger 
event,  likely  in  the  range  of  Richter  Magnitude  6.4-  6.9.  Howe 
trenching  results  suggest  that,  were  this  the  case,  the  recurrence 
interval  may  be  quite  long  in  comparison  to  more  southerly  se( 
ments  of  the  fault  (south  of  Sunol).  It  is  also  possible  that  we  I 
yet  to  reveal  the  1861  surface  trace  in  the  northern  San  Ramon 
segment,  because  we've  all  been  looking  in  the  wrong  place.  I 
would  now  appear  that  the  main  trace  of  the  Calaveras  fault  m 
lie  beneath  San  Ramon  Valley  Boulevard  and  Interstate  680,  t\ 
places  no  one  has  been  able  to  trench  in  the  Alquist-Priolo  era 
(1973  to  present).  Such  a  presumption  would  appear  to  better 
the  field  evidence.  After  exhaustive  study  of  the  "Peters  Rancl 
strand"  (suggested  as  the  main  trace  in  the  1982  Alquist-Priolo 
map),  the  authors  were  reasonably  convinced  that  the  lineamer 
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Figure  1.  Geologic  map  of  study  area.  Based  on  Wagner  (1978),  Crane  (1988),  and  Rogers/Pacific  (1990). 
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Figure  2.  Location  of  massive  landslide  complexes  that  blanket  the  eastern  flank  of  Las  Trampas  Ridge. 
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:iure  3.  Regional  cross-section  of  study  area.  See  Figure  1  for  location  of  cross-section.  No  vertical  exaggeration. 
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was  a  flower  structure,  overlying  the 
lower  strand  of  the  Las  Trampas  thrust 
zone  (Figure  4).  The  development  of 
this  surface  feature  may  be  genetically 
related  to  co-seismic  deformation 
along  pre-existing  zones  of  weakness 
(thrusts)  that  re-activated  when  the 
main  trace  of  the  Calaveras,  further 
east,  moved. 
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Figure  5.  Oblique  aerial  photograph  of  study  area,  looking  north. 
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Figure  6.  Oblique  aerial  photograph  of  study  area,  looking  west. 
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Figure  7.  Low  angle  aerial  oblique  view  looking  northwest  along  the  San  Ramon  segment  of  the  Calaveras  fault,  from 
Castlewood  Country  Club  in  Pleasanton.  The  dashed  line  indicates  the  current  interpretation  of  the  fault's  projection, 
while  the  dotted  line  shows  the  original  interpreted  trace.  Interstate  680  cuts  across  the  upper  right  side  of  the  photo, 
(photo  by  J.  David  Rodgers,  1988) 
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Tracking  the  Elusive  Calaveras  Fault 
from  Sunol  to  San  Ramon 


by 
J.  David  Rogers1  and  John  M.  Halliday1 


ABSTRACT 

The  Calaveras  fault  is  the  most  active  structural  feature  of  Amador  Valley  and  San  Ramon  Valley,  forming 
their  western  boundaries  and  creating  the  structural  barrier  forming  the  Livermore  basin.  Although  the  pres- 
ence of  the  fault  is  undeniable  north  of  Sunol,  little  evidence  of  aseismic  creep  exists  in  this  northern  segment. 
Recent  postulates,  based  mostly  on  microseisms  and  lack  of  aseismic  creep-offset,  suggest  that  strain  accu- 
mulating on  the  recently  active  southern  strand  may  be  transferred  over  to  the  southern  Hayward  fault  on  the 
Mission  fault,  between  Calaveras  Reservoir  and  south  Fremont. 

Deep  subsurface  information  suggests  that  the  main  trace  of  the  Calaveras  is  indeed  a  major  geologic  dis- 
continuity; separating  Cretaceous  Great  Valley  strata  from  Pleistocene  gravels  in  the  Amador  Valley  and  upper 
Miocene  Monterey  sediments  from  Plio-Pleistocene  basinal  sediments  and  recent  valley  fill  adjacent  to  Las 
Trampas  Ridge.  In  places,  the  main  trace  of  the  Calaveras  is  totally  obscured  by  large  mega-landslide  com- 
plexes: Castlewood  in  the  Amador  Valley,  and  the  Las  Trampas-Danville  slide  complex  to  the  north,  which 
stretches  unbroken  for  more  than  9  km.  These  megaslides  are  typically  comprised  of  displaced  bedrock  strata, 
up  to  100  m  thick,  which  appear  to  have  slid  off  upthrusted  ridges  parallel  to  the  fault. 

Recently-discovered  newspaper  accounts  of  the  3  July  1861  quake  presumed  to  have  been  spawned  by  the 
Calaveras  describe  a  locally  significant  shock  and  the  observance  of  continuous  ground  rupture  10  to  13  km 
long,  stretching  from  the  Amador  Valley  north  to  Danville  along  what  is  now  the  recognized  alignment  of  the 
fault. 

In  the  San  Ramon-Danville  area,  recent  studies  have  revealed  that  the  main  trace  of  the  Calaveras  appears 
to  be  located  somewhat  east  of  the  1982  mapped  traces,  apparently  beneath  Interstate  680  opposite  Elworthy 
Ranch,  approximately  1 .6  km  south  of  the  Sycamore  Valley  overcrossing.  These  same  studies  of  the  northern 
Calaveras  suggest  that  surficial  trenching  of  Alquist-Priolo  Special  Study  Zones  may  be  an  inadequate  method 
for  evaluating  either  the  main  trace  location  or  the  supposed  "1 861  rupture".  When  the  surface  expression  of 
strike-slip  faults  is  masked  by  mega-landslides,  more  extensive  exploration  techniques,  such  as  deep  reflection 
geophysics  and/or  deep  exploratory  borings,  may  be  the  only  viable  techniques  to  properly  locate  macrofea- 
tures  of  the  main  trace  of  the  Calaveras  fault.  Such  tasks  may  be  beyond  the  expertise  and  budget  of  small, 
local  development  consultants.  Governmental  agencies  or  contract  researchers  may  be  needed  to  more  pre- 
cisely locate  the  main  traces  of  active  faults  and  more  thoroughly  examine  the  style,  scale,  and  origins  of  sur- 
face rupture  up  through  thick  expanses  of  soil  or  displaced  bedrock  cover. 


INTRODUCTION 

The  Calaveras  fault  system  stretches  131  km,  from  south  of 
lollister,  northward,  into  the  Danville-Walnut  Creek  area 
Taylor,  1992).  Based  on  present  creep  rates,  the  fault  can  be 
livided  into  two  overall  segments:  south  of  the  Calaveras 
Reservoir,  and  the  San  Ramon  segment  (Kelson  and  others, 

992),  between  Sunol  and  Danville.  The  San  Ramon  segment 
Figure  1)  is  the  dominant  structural  feature  of  the  Amador 


and  San  Ramon  Valleys,  forming  their  western  boundaries 
and  creating  the  structural  barrier  which  comprises  the  Liver- 
more  Basin.  This  segment  of  the  fault  is  recently  typified  by 
minor  seismic  activity  and  an  apparently  low  slip  rate.  In 
much  of  the  segment,  its  surface  trace  is  uncertain  because  it 
appears  to  be  buried  beneath  massive  ancient  landslides,  earth/ 
debris  flow  deposits  and  colluvium.  Most  researchers  believe 
that  strain  accumulated  along  the  Calaveras  south  of  Calaveras 
Reservoir  is  transferred  to  the  Hayward  fault  on  the  Mission 
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Figure  1    The  Calaveras  fault  from  Sunol  to  San  Ramon.  The  cross-section  numbers  are  refered  to  in  the  text. 
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Figure  2.  Schematic  cross-sections  across  the  study  area,  near  Castlewood  Country  Club  in  Pleasanton.  The  upper  cross-section  indicates  the 
structural  relationships  that  existed  during  thrusting  in  the  early  Quaternary.  In  this  area,  thrusting  was  east  vergent.  The  lower  cross-section 
indicates  the  structural  relationships  that  exist  today.  The  recent  Calaveras  strike-slip  fault  has  segemented  the  pre-existing  thrust  panals,  and 
re-activated  suitably  orientated  thrusts.   It  is  likely  that  the  overall  location  of  the  Calaveras  fault  was  controlled  by  pre-existing  zones  of 
weakness  generated  by  the  earlier  thrusting. 
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Figure  3.  Details  of  the  Sund-Castlewood  County  Club  segement  of  the  Calaveras  fault  as  mapped  by  Wagner  on  a  portion  of  the  Dublin  7  W 
quadrangle.  Note  the  location  of  the  serpentine  outcrop.  Logs  of  the  deep  wter  well  indicated  were  incorporated  in  the  cross  section  presented  in 
Figure  4. 


Hills  fault  (Oppcnhcimer  and  Macgregor-Scott,  1992).  De- 
spite the  apparent  lessened  activity  on  the  northernmost  trace  of 
the  Calaveras,  it  does  appear  to  have  spawned  a  Magnitude  5.9 
to  6.9  earthquake  on  July  3,  1861,  causing  continuous  ground 
rupture,  6-8  miles  long,  between  the  Amador  Valley  and  Dan- 


vine. 


This  article  will  summarize  what  is  known  about  portions  of 
the  San  Ramon  segment  of  the  Calaveras  by  briefly  describing 
some  of  its  distinguishing  features  reported  at  specific  sites 
shown  on  Figure  1.  This  segment  of  the  Calaveras  fault  zone 
consists  of  numerous  linear,  en  echelon  strands  within  a  zone 


varying  from  tens  of  meters  to  over  500  meters  wide.  The 
segments  appear  to  be  vertical,  but  some  strands  dip  notice- 
ably, where  they  cut  pre-existing  thrusts.  Page  (1992)  noted 
that  thrusting  is  associated  with  the  Calaveras  fault  at  shallow 
depths. 

SAN  RAMON  SEGMENT 

In  considering  the  surface  expression  of  the  San  Ramon 
segment  we  must  be  cognizant  of  the  structural  style  which 
preceded  the  current  strike-slip  regime.  Figure  2  presents 
sketches  across  the  Calaveras  near  the  Castlewood  Country 


1992 


PROCEEDINGS  OF  THE  SECOND  CONFERENCE 
ON  EARTHQUAKE  HAZARDS  IN  THE  EASTERN  SAN  FRANCISCO  BAY  AREA 


275 


w 


r  1500 


Figure  4.  Cross-section  through  Castlewood  County  Club  (number  4  on  Figure  1).  No  vertical  exaggeration.  Note  how  complex  the  fault  zone 
appears,  with  pods  of  Panoche  Formation  material  caught  along  old  thrusts  on  either  side. 


Club  area  of  Pleasanton,  as  it  likely  appeared  in  early  Quater- 
nary time,  when  this  portion  of  the  California  coastal  border- 
land was  within  a  convergent  plate  margin.  As  shown  in  the 
upper  half  of  Figure  2,  Cretaceous  age  units  of  the  Great  Val- 
ley sequence  were  repeatedly  thrust,  as  the  block  between  the 
proto  Hayward  and  Calaveras  faults  underwent  shortening. 
As  the  triple  junction  passed,  the  regional  stress  regime  shifted 
to  the  current  mode  of  a  strike-slip  motion.  In  so  doing,  it  is 
likely  that  strike-slip  faults  initially  utilized  suitably  oriented, 
pre-existing  planes  of  weakness,  such  as  the  thrusts.  Over 
time,  the  strike-slip  faults  gradually  straightened  and  coa- 
lesced as  the  interplate  slip  increased.  As  shown  in  the  lower 
half  of  Figure  2,  what  remains  today  is  a  composite  mix  of  old 
and  new  structures,  formed  within  different  stress  regimes. 

Sunol-Castlewood  Country  Club 

Immediately  north  of  Sunol,  the  Calaveras  fault  is  well  de- 
fined at  the  base  of  Pleasanton  Ridge,  where  it  marks  the 
boundary  between  the  Great  Valley  sediments  of  the  upper 
Monterey  formation  (Briones  sandstone).  This  boundary  can 
be  difficult  to  identify  as  the  change  in  attitude  of  the  Panoche 
and  Briones  beds  can  be  slight  (Figure  3).  Between  Sunol  and 
Castlewood  Country  Club,  the  best  mapping  and  identification 
of  the  trace  of  the  Calaveras  was  performed  by  Wagner  in  the 


early  1970's,  but  never  published  (Wagner,  1978).  As  shown 
in  Figure  3,  Wagner  identified  a  pod  of  serpentine  separating 
the  Panoche  and  Briones  strata  near  an  elevation  of  800  feet 
on  Pleasanton  Ridge.  The  location  of  this  pod  is  also  shown 
as  number  3  on  Figure  1 . 

A  short  distance  away,  on  the  Oak  Tree  Farm  area  just  south 
of  Castlewood,  Rowland  (1992)  recovered  a  sizable  sample  of 
a  tree  trunk  at  a  depth  of  -74  feet  in  a  boring  with  a  collar  ele- 
vation of  485  feet.  The  boring  location  is  shown  near  the  low- 
er margin  of  Figure  3.  Subsequent  analyses  revealed  that  the 
wood  was  from  a  Coast  Redwood  (Sequoia  sempervirens)  and 
at  least  40,000  years  old,  testifying  to  the  late  Quaternary  age 
of  the  landslides  in  this  area. 

Castlewood  Country  Club  was  constructed  on  a  massive 
mega-landslide  complex,  comprised  of  Great  Valley  Sequence 
rocks  which  slid  off  of  Pleasanton  Ridge  in  the  late  Pleisto- 
cene. This  area  has  been  one  of  controversy  because  the  slide 
complex  conceals  the  bedrock  disconformity  between  the 
Cretaceous  and  Miocene  strata.  Figuers  (1991)  interpreted  a 
300  m  deep  water  well  for  the  Country  Club,  which  was 
drilled  in  the  narrow  valley  of  the  Arroyo  de  la  Laguna.  at  the 
toe  of  the  ancient  slide  complex  (Position  4  on  Figure  1).  He 
found  approximately  107  m  of  Holocene  and  late  Pleistocene 
gravel  overlaying  what  appears  to  be  steeply  dipping 
Monterey  formation  shales  (Figure  4). 
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Johnson  Ranch/Golden  Eagle  Farms 

Just  north  of  Castlewood,  the  Johnson  Ranch/ 
Golden  Eagle  Farms  property  has  been  the  scene 
of  numerous  explorations  in  the  1980's.  In  1984, 
Seeley  and  Perkins  were  among  the  first  to  uti- 
lize existing  water  well  records  (held  by  the  Al- 
ameda County  Zone  7  Water  District)  along  the 
western  margins  of  the  Amador  Valley.  These 
detailed  logs  helped  provide  limits  on  the  eastern 
extent  of  the  Calaveras.  Seeley  and  Perkins 
(1984)  utilized  deep  rotary  borings  to  drill 
through  the  massive  ancient  landslide  deposits 
blanketing  the  toe  of  Pleasanton  Ridge  (Position 

5  on  Figure  1),  in  an  attempt  to  locate  the  fault  by 
identifying  the  relative  locations  of  underlying 
Miocene  and  Cretaceous-age  strata  (Figure  5). 
This  they  were  able  to  do  with  reasonable  suc- 
cess, and  their  efforts  remain  the  benchmark 
study  of  the  fault  location  through  this  area.  Sub- 
sequent workers  (Applied  Soil  Mechanics,  1988) 
were  unsuccessful  in  attempting  to  locate  the 
fault  with  shallow  trenching  at  the  Golden  Eagle 
Farms  site.  Most  workers  suspect  the  fault  un- 
derlies the  site  because  it  would  be  kinematically 
impossible  for  a  crustal  sized  feature  to  abruptly 
terminate  without  some  type  of  fault  termination 
features  being  present.  None  are  known  to  exist 
in  this  area. 

In  1972  Perkins  completed  a  study  of  the  West- 
ern Outlier  of  the  Great  Valley  Sequence  in  the 
hills  between  the  Hayward  and  Calaveras  faults, 
including  Pleasanton  Ridge.  He  constructed  a 
cross  section  (Position  6  on  Figure  1)  three  km 
north  of  Golden  Eagle  Farms,  a  portion  of  which 
is  shown  in  Figure  6.  In  this  area  Perkins 
mapped  the  fault  as  a  step-over,  with  two  distinct 
strands. 

Moller  Ranch 

One  and  a  half  km  north,  on  the  Moller  Ranch 
(Position  7  on  Figure  1),  the  Calaveras  makes  a 
westerly  bend.  Here,  Skinner  (1990)  identified 
several  traces  of  the  fault.  The  easternmost  zone 
is  the  active  trace.  Similar  to  Perkins  (1972)  find- 
ings, it  consisted  of  tilted  Quaternary-age  gravels 
lying  within  a  narrow  zone  between  two  strands 
of  the  fault.  At  the  extreme  northeastern  portion 
of  the  Moller  Ranch,  Skinner  (1990)  again  iden- 
tified the  eastern  strand  of  the  Calaveras  fault, 
but  did  not  show  it  displacing  the  youngest  soil 
horizons.  The  western  trace  appears  older  and 
quiescent,  containing  a  plug  of  serpentine,  some 

6  m  wide  (Figure  7).  This  was  an  important  find- 
ing because  it  documents  that  serpentine  might 
be  found  adjacent  to  inactive  strands  of  the  fault. 
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In  1988,  Crane  and  Bartow  produced  the  first  region- 
al, semi-balanced  cross  section  through  the  area.  A 
portion  of  this  section  is  reproduced  as  Figure  8.  This 
section  shows  the  thrust  splays  emanating  from  the 
main  trace  of  the  fault.  What  is  important  to  appreciate 
is  that,  in  many  instances,  the  parallel,  ancillary  thrust 
features  are  more  prominent  than  the  main  trace  of  the 
fault.  In  1973,  Harding  was  among  the  first  to  study 
the  Calaveras  in  Dublin,  north  of  Interstate  580.  His 
trenches  suggested  that  the  active  trace  of  the  fault  was 
located  some  300  m  east  of  the  supposed  trace,  as 
shown  in  Figure  1 .  These  findings  were  subsequently 
incorporated  into  the  State's  mapping  work  by  Hart 
(1981),  although  Wagner  ( 1 978),  Dibblee  (1980),  and 
Crane  (1988)  all  show  the  major  offset  in  the  older 
position  (Figure  1).  In  this  area,  the  Calaveras  may 
simply  be  a  wide  zone,  although  most  agree  that  the 
main  trace  lies  buried,  to  the  east  of  Miocene  age  strata 
exposed  west  of  the  western  terminus  of  Alcosta  Boule- 
vard, as  Harding  (1973)  originally  suggested. 

Further  north,  between  Dublin  and  San  Ramon,  the 
Calaveras  has  been  studied  at  various  times  over  the 
past  two  decades  for  a  series  of  small  developments 
(Engeo,  1981,  Figure  1).  Best  among  these  studies  was 
by  Darwin  Myers  Associates  (1984)  at  the  Venterra 
Property,  next  to  the  Gelderman  Ranch,  where  Montev- 
ideo Drive  intersects  San  Ramon  Valley  Boulevard 
(Number  9  on  Figure  1).  In  this  area,  Myers  (1984) 
found  both  the  main  trace  of  the  fault  and  a  left  step- 
over  segment,  separated  by  a  pressure  ridge  (Figure  9). 
Myers  shows  the  two  segments  joining  up  with  one 
another  a  short  distance  north,  on  the  Gelderman  parcel, 
which  was  subsequently  studied  by  Engeo  in  1990. 

In  the  San  Ramon  area,  the  fault  is  typified  by  a  series 
of  parallel  offsets  and  stepovers,  with  scant  reliable 
information  as  to  which  of  the  breaks  is  the  "active" 
trace,  which  is  presumed  to  have  broken  the  ground 
surface  in  1861.  In  1980,  Rowland  supervised  the  ex- 
cavation of  an  800-foot  long  scrapper  trench,  13  to  14 
feet  deep,  across  the  surported  trace  of  the  Calaveras  in 
the  Twin  Creeks  Hills  -  Unit  2  development  in  San 
Ramon,  just  south  of  Bollinger  Canyon  Road  (Position 
10  on  Figure  1).  An  east-west  trench,  just  north  of  what 
is  now  Sombrero  Circle,  the  impressive  excavation 
failed  to  expose  any  definitive  sign  of  what  could  be 
interpreted  to  be  the  main  trace  of  a  major  stike-slip 
fault.  Rowland  felt  that  what  shears  were  encountered 
towards  the  western  end  of  the  trench,  were  likely  due 
to  ancient  landslides  that  blanket  the  area.  The  shears 
form  conjugate  to  one  another,  suggestive  of  slight 
extension,  cut  all  but  the  uppermost  soil  stratum.  The 
main  trace  of  the  Calaveras  may  lie  beneath  San 
Ramon  Valley  Boulevard  or  Interstate  680,  a  short 
distance  to  the  east. 
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CALAVERAS  FAULT 


Figure  7.  The  western,  inactive  trace  of  the  Calaveras  fault  on  Moller  Ranch  (Skinner,  1990).  Note  plug  of  serpentine  in  the  fault  zone. 
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CONCLUSIONS 

Much  remains  to  be  revealed  about  the  true  character  and 
extent  of  the  San  Ramon  segment  of  the  Calaveras  fault.  Approx- 
imately two-thirds  of  its  supposed  surface  trace  is  obscured  by 
ancient  landslides  and  other  surficial  deposits.  In  addition,  the 
fault  zone  itself  is  extremely  complex,  containing  a  multitude  of 
splays,  step-overs,  and  other  structural  discontinuities.  Despite 
reports  of  what  must  have  been  a  M.  5.6-6.9  earthquake  on  July 
3, 1861  (Rodgers  and  Halliday,  1992),  no  correlatable  surface 
trace  of  sufficient  consistency  has  been  identified  to  date.  In  fact, 
with  the  exception  of  the  area  south  of  Castlewood  and  that  in 
Dublin,  the  fault  yields  little  insight  as  to  which  of  its  many  traces 
are  the  most  active.  Surface  creep  features,  common  on  the  Hay- 
ward,  Rodgers  Creek  and  Concord  faults,  seems  absent  along  the 
San  Ramon  segment  of  the  Calaveras.  Nevertheless,  given  its 
structural  position,  we  can  expect  strong  energy  propagation  and 
release  along  the  segment  when  the  more  pregnant  segments  just 
to  the  south  rupture.  When  such  events  occur,  it  is  likely  that  we 
will  experience  the  strongest  ground  shaking  of  the  1-680  corridor 
to  date,  and  we  will,  in  all  likelihood,  learn  much  more  about  the 
Calaveras. 
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Figure  9.  Active  splays  of  the  Calaveras  Fault  (Myers,  1984)  near  San  Ramon.  (See  Figure  1 ,  number  9  for  overall  location). 
Instead  of  being  a  single  strand,  the  Calaveras  consists  of  two  active  traces  separated  by  a  pressure  ridge. 
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Contemporary  Deformation  in  the 
California  Coast  Ranges  and  the  Preservation  of  Evidence 
j  for  Holocene  Offset 

by 


David  R.  Montgomery1  and  David  L.  Jones2 


ABSTRACT 

Seismic  hazard  assessments  in  central  California  focus  on  the  hazard  presented  by  major  transverse 
faults,  although  evidence  for  post-Pliocene  uplift  and  compressional  deformation  suggests  a  more  com- 
plex distribution  of  strain  throughout  the  Coast  Ranges.  Primary  topographic  discontinuities  in  the  San 
Francisco  Bay  region  are  concentrated  across  major  fault  zones  and  may  reflect  the  interaction  of  struc- 
tural blocks  within  a  tectonic  wedge.  Simple  models  for  wedge  deformation  indicate  that  the  convergent 
component  of  the  Pacitic-North  Amercan  plate  motion  is  sufficient  to  account  for  most  of  the  post-3. 5ma 
topographic  development  of  the  Coast  Ranges.  The  distribution  of  microseismic  activity  indicates  that 
contemporary  deformation  is  distributed  widely  throughout  the  Coast  Ranges.  This  interpretation  is  sup- 
ported by  detailed  geologic  mapping  near  Sunol,  California,  which  indicates  that  contemporary  micro- 
seismic  activity  appears  to  correlate  with  mapped  bedrock  faults  and  reveals  shear  zones  that  offset 
alluvial  terraces  and  buried  soils  in  a  1  to  2  km-wide  zone  east  of  the  Calaveras  fault.  A  series  of  undat- 
ed terraces  records  long-term  Quaternary  uplift.  Although  these  shear  zones  are  spatially  related  to  a 
complex,  anastomosing  bedrock  fault  system,  large-scale  mass  wasting  also  occurs  in  proximity  to 
these  sites.  Preservation  of  evidence  for  compressional  deformation  in  upland  environments  is  unlikely 
due  to  the  dynamic  nature  of  hillside  soils  and  depends  on  rates  of  soil  production,  downslope  transport, 
and  fault  offset,  as  well  as  slope  stability.  Together  these  observations  suggest  that  a  component  of  the 
contemporary  deformation  in  the  San  Francisco  Bay  area  occurs  along  numerous  subsidiary  faults  that 
are  potentially  more  active  than  is  recognized  in  current  seismic  hazard  evaluations. 


INTRODUCTION 

The  style  and  extent  of  contemporary  deformation  in  the 
California  Coast  Ranges  provides  the  context  within  which  to 
assess  potential  seismic  hazards  in  the  San  Francisco  Bay 
region.  Given  the  complex  geology  of  the  Coast  Ranges,  it  is 
not  surprising  that  conceptions  of  the  extent  of.contemporary 
deformation  are  not  shared  by  all  workers.  Nonetheless,  in 
order  to  assess  adequately  the  potential  hazards  presented  by 
future  earthquakes  we  must  estimate  both  the  spatial  and  tem- 
poral probabilities  for  the  occurence  of  earthquakes  of  given 
magnitude,  the  resulting  ground  motion  characteristics  for 
areas  underlain  by  different  geologic  materials,  and  the  effects 
of  ground  motion  in  producing  damage.  Central  to  any  such 
effort  is  a  model  for  the  processes  governing  deformation  in 
the  Coast  Ranges  and  application  of  this  geophysical  context 


to  assessing  which  of  the  bedrock  faults  in  the  area  are  subject 
to  contemporary  deformation.  In  the  San  Francisco  Bay  re- 
gion, for  example,  there  are  numerous  faults  throughout  the 
Berkley  Hills,  Diablo  Ranges,  and  Santa  Cruz  Mountains,  but 
only  the  major  range  front  faults  exhibit  both  clear  geomor- 
phic  signs  of  Holocene  activity  and  associated  seismicity. 
However,  there  also  is  geologic  and  seismic  evidence  for  de- 
formation away  from  major  transverse  faults  (Figure  1). 
Thrust  faults,  in  particular,  may  lack  the  surface  expression 
associated  with  strike-slip  faults,  especially  in  upland  terrain 
where  evidence  for  past  surface  rupture  may  be  difficult  to 
observe  and  is  rapidly  eroded.  The  potential  for  future  offset 
on  such  faults  may  be  underestimated  when  interpreted  on  the 
basis  of  surficial  criteria  alone.  The  regional  tectonic  setting  of 
an  area  should  be  considered  as  well. 
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Figure  1.  Location  map  showing  major  faults 
(thick  lines)  in  the  San  Francisco  Bay  region 
and  epicenter  locations  for  earthquakes  with 
ML  >  3.5  for  the  period  from  January,  1960,  to 
December  31,  1986.  Fault  names  indicated  by 
abbreviations;  SG  =  San  Gregorio,  SA  =  San 
Andreas,  H  =  Hayward,   C  =  Calaveras. 


REGIONAL  TECTONIC  SETTING  AND 
COAST  RANGES  UPLIFT 

Interpretations  of  the  contemporary  tectonic  regime  in  coast- 
al California  have  been  evolving  since  geologists  began  exam- 
ining the  Coast  Ranges.  For  many  years  research  emphasized 
either  vertical  or  horizontal  displacements  and,  until  only  re- 
cently, lateral  and  vertical  offsets  in  the  Coast  Ranges  general- 
ly were  viewed  as  separate  phenomena.  The  nature  of  contem- 
porary deformation  was  gradually  clarified  and  transverse  and 
compressional  deformation  in  the  Coast  Ranges  are 
now  viewed  as  related  through  the  style  of  deforma- 
tion across  the  Pacific-North  America  plate  margin. 

A  brief  history  of  research  on  deformation  in  the 
Coast  Ranges  illustrates  the  evolution  of  thought 
concerning  structural  context  of  these  mountains. 
LeConte  (1876)  first  described  evidence  for  com- 
pressional deformation  in  the  Coast  Ranges.  In  a 
series  of  papers  published  in  the  late  19th  Century, 
Lawson  (1893;  1894)  subsequently  argued  for  hun- 
dreds of  meters  of  post-Pliocene  uplift  throughout 
the  Coast  Ranges  on  the  basis  of  uplifted  marine 
terraces,  Pliocene  marine  sediments,  and  assumed 
late-Tertiary  erosion  surfaces.  The  1906  San  Fran- 
cisco earthquake,  however,  focused  attention  on 
lateral  offsets  associated  with  the  San  Andreas  fault 
system  (Lawson,  1908).  Willis  (1925)  recognized 
the  division  of  the  Coast  Ranges  into  discrete  fault- 
bound  blocks  with  different  uplift  histories.  Hill  and 
Dibblec  (1953)  documented  evidence  for  long-term 


displacements  across  the  San  Andreas  Fault  on  the  order  of 
hundreds  of  kilometers.  Christensen  (1965)  later  argued  that 
vertical  deformation  in  the  Coast  Ranges  is  largely  decoupled 
from  lateral  deformation  and  Compton  (1966)  documented  a 
=12%  post-Pliocene  structural  shortening  across  the  Santa 
Lucia  Mountains.  Shortly  afterward,  Atwater  (1970)  recog- 
nized the  San  Andreas  fault  system  as  a  transverse  boundary 
between  the  Pacific  and  North  American  plates.  Although  this 
observation  provided  a  tectonic  context  within  which  to  evalu- 
ate deformation  in  the  Coast  Ranges,  the  simple  transverse 
deformation  model  satisfactorily  explains  only  lateral  defor- 
mation. Subsequent  work  indicates  that  the  present  Pacific- 
North  American  plate  boundary  is  a  complicated  zone  reflect- 
ing both  compressional  and  transverse  deformation 
(McLaughlin,  1974;  Aydin  and  Page,  1984;  Zoback  and  oth- 
ers, 1987;  Mount  and  Suppe,  1987;  Namson  and  Davis,  1988) 
in  response  to  oblique  convergence  across  the  plate  boundary 
(Cox  and  Engebretson,  1984;  Page  and  Engebretson,  1984; 
Pollitz,  1986;  Harbert  and  Cox,  1989). 

The  coexistence  of  both  lateral  and  compressional  deforma- 
tion within  a  single  stress  regime  results  from  the  mechanics 
of  deformation  in  response  to  stress  oriented  obliquely  to  dis- 
continuities within  the  deforming  material.  In  the  case  of  the 
California  Coast  Ranges,  the  negligible  shear  strength  of  the 
San  Andreas  fault  system  partitions  strain  into  compressional 
and  transverse  deformation  (Zoback  and  others,  1987).  Exper- 
imental work  also  suggests  that  such  decoupling  occurs  where 
there  is  a  ductile  layer  at  depth,  which  at  the  lithospheric  scale 
represents  lower  crustal  detatchments  (Richard  and  Cobbold, 
1990).  Figure  2  illustrates  the  recent  proposal  (e.g.,  Lettis  and 
Hanson,  1991)  that  local  strain  partitioning  in  the  upper  crust 
(0  to  5  km  depth)  may  be  accomodated  along  small  near-sur- 
face faults  capable  of  generating  only  small  earthquakes  in  a  3 
to  6  kilometer-wide-zone  along  major  transverse  structures. 
Regional  strain  partitioning  along  blind  thrusts  in  the  lower 


ductile 


Figure  2.  Schematic  cross  section  illustrating  strain  partioning  into  zones  of 
dominantly  strike  slip  deformation  along  major  faults  that  extend  to  the  base  of 
brittle  deformation  and  a  wider  zone  of  reverse  faults  that  root  into  the  major 
shear  zones. 
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rrust  may  be  capable  of 
generating  large-magni- 
ude  earthquakes. 

Wentworth  and  others 
1984)  proposed  that  late 
Tenozoic  compression 
>f  a  tectonic  wedge 
ibove  a  low-angle  de- 
atchment  surface,  or 
>lind  thrust,  resulted  in 
he  uplift  of  the  central 
California  Coast  Rang- 
:s.  Within  this  wedge 
arge  transverse  faults 
ireak  the  upper  crust 
nto  large  structural 
>locks  that  deform  rela- 

ively  independently  (Figure  3)  (Jones,  1992).  Post-Pliocene 
rompression  across  these  faults  has  led  to  the  elevation  of 
flme  of  these  blocks  (e.g.,  Santa  Cruz  Mountains,  Berkeley 
-lills,  and  the  Diablo  Range),  while  others  have  experienced 
ubsidence  (e.g.,  San  Francisco  Bay).  If  this  hypothesis  is 
rorrect,  then  contemporary  deformation  is  distributed  across 
he  Coast  Ranges,  even  though  most  seismicity  is  concentrated 
ilong  major  strike-slip  faults. 

Continuing  post-Pliocene  uplift  provides  constraints  on  the 
nagnitude  of  plate  convergence  controlling  late  Quaternary 
md  contemporary  deformation  within  the  Coast  Ranges.  Sur- 
face uplift  is  the  difference  between  tectonic  uplift  and  erosion 
e.g.,  England  and  Molnar,  1990).  The  distinction  between 
ectonic  and  surface  uplift  is  important  because,  even  though 
he  elevation  of  a  point  on  the  ground  surface  may  be  translat- 
;d  upward  through  time  in  reference  to  a  fixed  datum,  the 
general  elevation  of  the  surface  itself  may  not.  Consequently, 
issessments  of  the  amount  of  time  requried  for  uplift  of  the 
Coast  Ranges  derived  from  tectonic  uplift  rates  recorded  in 
narine  terraces,  leveling  lines,  or  other  stable  surfaces  need  to 
)e  adjusted  to  account  for  both  erosion  rates  and  motion  of  the 
measurement  datum  relative  to  that  used  to  define  topographic 
aplift  (e.g.,  sea  level  or  the  geoid).  Combining  the  range  of 
ectonic  uplift  and  erosion  rates  reported  in  the  literature  with 
i  simple  model  for  converting  plate-margin-normal  conver- 
gence into  uplift  indicates  that  Coast  Range  compression  on 
he  order  of  5  to  8  mm/yr  is  sufficient  to  account  for  post- 
'liocene  uplift  on  the  order  of  1000  to  2000  feet  (Montgom- 
:ry,  in  preparation).  The  critical  taper  model  of  accretionary 
vedge  deformation  (e.g.,  Dahlen,  1990)  provides  an  indepen- 
dent constraint  that  a  minimum  steady-state  convergence  rate 
)f  2  mm/yr  is  required  to  sustain  the  present  elevation  of  the 
Coast  Ranges  (Montgomery,  in  preparation).  While  there  are 
>reat  uncertainties  inherent  in  these  models,  they  illustrate  that 
ligh  rates  of  plate-margin-normal  convergence  are  not  neces- 
sary to  account  for  the  post-Pliocene  topographic  uplift  of  the 
California  Coast  Ranges. 
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Figure  3.  Schematic  cross  section  of  the  Pacific-North  America  plate  margin  across  the  San  Francisco  Bay 
region  illustrating  the  interpretation  of  the  Coast  Ranges  as  part  of  a  tectonic  wedge.  Compression  across  this 
wedge  is  hypothesized  to  control  general  Coast  Range  uplift  and  deformation  of  structural  blocks  within  the 
wedge  may  account  for  the  differential  uplift  history  of  different  portions  of  the  Coast  Ranges. 


EVIDENCE  FOR  DEFORMATION  IN 
THE  SUNOL  REGION 

The  Eastern  San  Francisco  Bay  Region  illustrates  the  style 
of  contemporary  deformation  in  the  California  Coast  Ranges. 
Seismicity  is  distributed  broadly  through  the  Diablo  Range 
(Figure  4)  and,  although  seismic  activity  occurs  only  along 
faults,  the  behavior  of  many  of  these  faults  at  depth  presently 
is  not  known.  Consequently,  correlations  of  epicentral  loca- 
tions and  surface  fault  expressions  are  at  best  viewed  as  sug- 
gestive. Nonetheless,  we  make  several  generalizations  based 
on  the  pattern  of  seismic  activity.  Most  events  are  concentrat- 
ed in  a  several-kilometer-wide  zone  along  the  Calaveras  fault, 
but  a  significant  fraction  of  seismic  activity  is  distributed 
broadly  throughout  the  Diablo  Range  and  between  the  Hay- 
ward  and  Calaveras  fault  zones.  Seismic  activity  is  compara- 
tively rare  in  the  Santa  Clara  Valley  to  the  west  of  the  Hay- 
ward  fault  zone. 

Several  additional  lines  of  evidence  suggest  a  distribution  of 
post-Pliocene  to  contemporary  deformation  across  a  zone 
wider  than  the  Calaveras  fault  zone  proper.  Bedrock  in  the 
Sunol  Regional  Park  area  consists  of  Franciscan  basalt,  ser- 
pentinite,  melange,  and  metasandstone  that  are  unconformably 
overlain  by  Neogene  sedimentary  rocks.  These  rocks  are  cut 
by  faults  that  form  a  complex  anastamosing  pattern.  The  Cala- 
veras fault,  the  primary  strike-slip  fault  in  the  area,  is  associat- 
ed with  a  sub-parallel  array  of  smaller  faults.  Rocks  within  the 
Calaveras  fault  zone  consist  of  a  narrow  band  (=»300m  wide) 
of  serpentinite  that  separates  Miocene  marine  rocks  overlying 
Franciscan  basement  from  Cretaceous  shales  and  sandstones 
of  the  Great  Valley  sequence  (Figure  5).  A  discontinuous  fault 
strand  at  the  western  edge  of  this  serpentinite  body  is  consid- 
ered active  under  Alquist-Priolo  seismic  zoning  (Hart,  1990). 
However,  the  apparent  alignment  of  recent  microseismic  epi- 
centers with  mapped  bedrock  faults  in  this  area  indicates  that 
contemporary  deformation  actually  is  distributed  across  a 
wide  zone  (Figure  5).  Zoback  and  others  (1987)  reported  that 
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Figure  4.  Map  of  the  south  eastern  San  Francisco  Bay  Area  showing  distribution  of  earthquake  epicenters 
up  to  Magnitude  4.5  for  the  period  1969-1974  [modified  from  Brabb  and  Hanna  (1981)]  and  approximate 
traces  of  the  Calaveras  (C)  and  Hayward  (H)  fault  zones.  Inset  box  shows  area  of  Figure  5. 


off-fault  aftershocks  from  the  1984  Morgan 
Hill  earthquake  were  characterized  by  maxi- 
mum compression  oriented  roughly  normal  to 
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Figure  5.  Map  showing  locations  of  major  faults 
mapped  by  Montgomery  and  Jones  (1992)  and 
epicenter  locations  compiled  by  Brabb  and  Hanna 
(1981)    Heavy  black  line  is  the  trace  of  the 
Calaveras  fault    Gray  box  shows  area  of  Figure  6. 
From  Montgomery  and  Jones  (1992). 


the  Calaveras  fault.  Such  off-fault  aftershocks  and  microseismic  activity  may 
represent  local  adjustments  to  changes  in  the  stress  field  resulting  from  defor- 
mation associated  with  major  faults  and  suggests  that  deformation  along 
smaller  faults  throughout  this  region  is  occurring  under  the  contemporary 
stress  regime. 

Continuing  deformation  since  the  Pliocene  is  indictated  by  evidence  for 
long-term  and  active  uplift  east  of  the  Calaveras  fault,  as  well  as  by  late  Qua-i 
ternary  thrust  faults  that  roughly  parallel  the  trace  of  the  Calaveras  fault.  Late 
Cenozoic  uplift  of  the  Diablo  Ranges  is  indicated  by  late  Miocene  age  marine 
strata  presently  exposed  in  upland  areas.  Page  (1982a;  1982b)  and  Aydin  and 
Page  (1984)  report  a  band  of  post-Pliocene  compressional  faulting  which 
parallels  the  Calaveras  fault  and  appears  to  merge  with  it  at  depth.  Indepen- 
dent evidence  for  late-Quaternary  uplift  is  present  in  a  series  of  at  least  three 
strath  terraces  preserved  on  the  inside  of  a  meander  bend  along  Alameda 
Creek  north  of  Calveras  Reservoir  (Figure  6).  These  terraces  were  cut  into 
bedrock  and,  therefore,  could  not  represent  valley  infilling  and  re-incision  in  i 
response  to  base-level  oscillations.  They  represent  continued,  probably  epi- 
sodic, uplift  on  the  east  side  of  the  Calaveras  fault.  The  microseismic  activity 
in  this  area  and  the  contemporary  uplift  measured  in  repeated  leveling  survey: 
in  the  upland  portions  of  the  Diablo  Ranges  (Alt,  1979)  both  suggest  that  this 
style  of  deformation  is  continuing. 

Holocene  and  late-Pleistocene  (?)  soils,  landslides,  and  alluvial  deposits  are 
offset  by  shear  zones  to  the  east  of  the  Calaveras  fault  in  Sunol  Regional  Park 
(Montgomery  and  Jones,  1992).  Each  of  these  shear  zones  is  exposed  along 
the  banks  of  an  incised  stream.  Were  it  not  for  the  creek  bank  exposures  they 
would  be  difficult  to  notice  even  during  detailed  mapping.  Montgomery  and 
Jones  (1992)  described  the  shear  zones  and  evidence  favoring  a  tectonic  ori- 
gin, although  they  noted  that  the  proximity  of  massive  landslides  precludes 
dismissal  of  a  mass  wasting  origin. 
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Nearest  the  Calaveras  fault,  two  shear  zones  are  exposed  in 
he  valley  wall  along  Alameda  Creek  (A  in  Figure  6).  The 
ower  shear  zone  repeats  Tertiary  section  and  is  unconform- 
ity overlain  by  alluvium.  The  upper  shear  zone  emplaces 
Tertiary  section  on  top  of  the  alluvium  (Montgomery  and 
lones,  1992,  Figure  3).  We  interpret  the  alluvium  as  deposited 
by  Alameda  Creek,  although  it  is  at  present  undated.  Colluvi- 
im  or  shallow  landslide  debris  is  exposed  above  the  upper- 
most Tertiary  rocks,  .which  are  themselves  more  deformed 
han  the  underlying  section.  It  is  possible  that  the  shear  surface 
implacing  the  Tertiary  section  over  the  alluvium  may  repre- 
;ent  the  basal  shear  surface  of  a  massive  landslide,  but  the 
;ense  of  offset  indicated  by  apparent  deformation  of  the  up- 
)ermost  alluvium  suggests  that  movement  is  across,  rather 
han  down  the  slope. 


At  a  second  location  (B  in  Figure  6)  Tertiary  sandstone  is 
emplaced  over  a  mid-Holocene  palcosol  fragment  in  a  shallow 
flower  structure  along  a  near  vertical  shear  zone  separating 
Tertiary  sandstone  and  siltstone  (Montgomery  and  Jones, 
1992,  Figure  4).  Bedrock  exposures  in  this  area  are  poor,  but 
our  interpretation  places  this  exposure  along  a  short,  faulted, 
northeast  trending  bedrock  contact.  However,  massive  land- 
slides in  proximity  to  this  exposure  complicate  the  interpreta- 
tion. 

At  a  third  location  (C  in  Figure  6)  the  offset  of  a  small  allu- 
vial terrace  overlying  a  landslide  deposit  is  exposed  along  an 
incised  creek  bank  (Montgomery  and  Jones,  1992,  Figure  5A). 
A  paleosol  exposed  at  a  nearby  location  suggests  a  mid-  to 
late-Holocene  age  for  the  landslide.  The  alluvium  is  offset 
across  a  high-angle  shear  zone  defined  by  a  narrow  band  of 
serpentinite.  The  offset  of  the  alluvium  overlying  the  landslide 
deposit  indicates  that  the  shear  zone  is  not  related  to  emplace- 
ment of  the  massive  landslide  deposit,  but  rather  represents 
post-landslide  deformation.  Artifact-bearing  gravel  overlies 
the  serpentinite  and  older  alluvium,  but  the  gravel  is  present 
only  on  one  side  of  the  shear  zone.  Although  the  association 
with  a  landslide  deposit  invites  alternative  explanations  for  the 
origin  of  the  shear  surfaces  at  this  exposure,  we  maintain  that 
offset  of  the  alluvium  overlying  the  landslide  deposit  favors  a 
tectonic  interpretation. 

Controversy  surrounding  the  interpretation  of  shear  zones  in 
Vallecitos  Valley  east  of  Sunol  (Figure  4)  illustrates  interpre- 
tive difficulties.  Herd  (1977)  interpreted  a  line  of  truncated 
ridges  along  the  southern  end  of  the  Livermore  Hills  as  an 
extension  of  the  Verona  fault  described  by  Hall  (1958).  Herd 
assumed  that  such  faceted  spur  ridges  were  tectonic  rather 
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:igure  6.  Geologic  map  of  a  part  of  Sunol  Regional  Park.  Thick  lines  are  faults  and  thin  lines  are  contacts  (dashed  where 
iferred,  dotted  where  concealed,  and  queried  where  uncertain).  Double  lines  indicate  roads.  The  zoned  active  trace  of  the 
Calaveras  fault  essentially  corresponds  to  the  western  edge  of  the  serpentinite  body  (JKsp)  in  the  southwest  corner  of  the 
nap.  From  Montgomery  and  Jones  (1992). 
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Figure  7.  Schematic  cross  section  of  a  hillslope  illustrating 
factors  influencing  the  preservation  of  evidence  for 
Holocene  offset:  A)  rate  of  fault  offset,  B)  rate  of  bedrock  to 
soil  conversion,  and  C)  rate  of  downslope  soil  transport. 
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Figure  8.  Map  showing  the  general  distribution  of  Quaternary 
alluvium  (shaded  area)  in  the  San  Francisco  Bay  region  and  the 
traces  of  the  San  Andreas  (SA),  Hayward  (H),  and  Calaveras  (C) 
faults.  Note  that  most  of  the  Quaternary  deposits  in  this  region  occur 
in  the  subsiding  structural  block  between  the  San  Andreas  and 
Hayward  faults.  Modified  from  Borcherdt  (1975). 


than  erosional  and  argued  for  Pleistocene  offset  to  explain  the 
relative  uplift  across  the  Verona  fault.  Extensive  geotechnical 
exploration  along  the  trend  of  this  suspected  fault  failed  to 
resolve  the  ensuing  controversy.  Shear  surfaces  exposed  in 
trenches  excavated  along  the  base  of  the  hills  were  interpreted 
as  either  the  basal  shear  surface  of  large  landslides  (Earth  Scl 
ences  Associates,  unpublished  reports,  1978;  1979;  Rice  and 
others,  1979)  or  as  strands  of  an  active  thrust  system  (Herd 
and  Brabb,  1980;  Jahns  and  Harding,  1982).  Knowledge  of  th 
behaviour  of  the  shear  surfaces  at  depth  would  have  tested 
these  hypotheses,  but  such  knowledge  was  not  obtained.  With 
out  such  information,  or  other  compelling  evidence,  range- 
front  faults  often  have  two  possible  interpretations.  Unfortu-  j 
nately,  there  are  several  additional  reasons  to  expect  evidence  '• 
for  near-surface  compressional  faulting  to  be  both  difficult  to  • 
preserve  and  unlikely  to  be  exposed.  1 

PRESERVATION  OF  DEFORMATION 
IN  UPLAND  AREAS 

The  geomorphic  expression  of  strike-slip  deformation  often 
is  dramatic.  In  many  places,  for  example,  the  general  trace  of 
the  San  Andreas  fault  can  be  mapped  from  offset  stream 
courses,  sag  ponds,  rift  valleys,  and  shutter  ridges  depicted  on 
even  small-scale  topographic  maps.  Such  features  commonly  ' 
are  discernable  in  planview  whether  they  exist  on  ridgetops, 
along  hillslopes,  or  in  valleys.  Furthermore,  the  association  of 
local  topographic  depressions  with  strike-slip  faulting  pro- 
vides depositional  environments  for  surficial  sediments  that 
sometimes  provide  a  record  of  geologically  recent  deforma- 
tion. Documenting  Holocene  deformation  along  strike-slip 
faults  consequently  consists  primarily  of  inventorying  evi- 
dence for  geomorphically  "young"  expressions  of  faulting  and' 
locating  and  trenching  Holocene  depositional  environments 
that  coincide  with  suspected  fault  traces.  Compressional  defor 
mation  also  may  result  in  dramatic  topographic  expression, 
such  as  the  post-Pliocene  elevation  of  the  California  Coast 
Ranges.  However,  in  contrast  to  the  well-defined  traces  of 
strike-slip  faults,  the  surficial  signature  of  individual  thrust 
faults  may  be  obscured,  especially  in  steep  areas  with  rapid 
erosion,  soil  creep,  or  landsliding. 

Hillslopes  are  zones  of  sediment  production  where  bedrock  • 
is  converted  into  soil  and  transported  downslope  (Figure  7). 
Over  geomorphic  time  scales,  the  soil  mantle  is  continually 
transported  downslope  in  conveyer-belt  fashion  by  the  long- 
term  action  of  processes  such  as  soil  creep,  tree  throw,  and  the 
activity  of  burrowing  animals.  This  continual  production, 
mixing,  and  transport  disrupts  soil  profiles  and  precludes  even 
short-term  preservation  of  evidence  for  soil  offset.  In  other 
words,  hillslope  soils  do  not  have  an  age.  Instead  they  are 
mobile  sediment  transport  zones  that  are  more  accurately  de- 
scribed as  having  a  residence  time.  This  dynamic  nature  of 
hillslope  soils  makes  documenting  Holocene  displacement  on 
small  faults  difficult  in  upland  environments.  Furthermore, 
most  of  the  upland  areas  of  the  San  Francisco  Bay  region  lack 
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Quaternary  stratigraphy  that  could  be  used  to  constrain  the 
activity  of  bedrock  faults  (Figure  8).  Colluvial  deposits  in 
opographic  hollows  (e.g.,  Reneau  and  others,  1984,  1986)  and 
local  alluvial  terraces  along  stream  channels  (e.g.,  Pape,  1978) 
provide  some  of  the  few  opportunities  that  are  available  to 
establish  active  deformation. 

Another  problem  for  establishing  contemporary  deformation 
is  that  sustained  uplift  across  a  fault  eventually  will  result  in 
landsliding  that  will  obscure  near-surface  evidence  for  the 
fault.  The  amount  of  local  relief  necessary  to  induce  slope 
instability  is  the  subject  of  current  research,  but  the  propensity 
for  rocks  in  proximity  to  large  faults  to  be  pervasively  sheared 
'einforces  the  potential  for  mass  wasting  and  may  decrease  the 
local  relief  required  to  produce  instability.  Large-scale,  coa- 
lescing landslides  characterize  high-relief  portions  of  the  range 
fronts  in  the  San  Francisco  Bay  region.  In  these  areas,  even 
deep  trenching  may  not  reveal  the  shear  surface(s)  responsible 
for  long-term  uplift  and  maintenance  of  the  range  front. 

SUMMARY 

The  present  topographic  expression  of  the  Coast  Ranges 
provides  constraints  on  the  geophysical  processes  responsible 
for  their  uplift.  A  convergence  rate  of  at  least  2  mm/yr  is  re- 
quired to  maintain  the  present  elevation  of  the  Coast  Ranges 
and  rates  of  5  to  8  mm/yr  are  consisent  with  the  post-3.5ma 
uplift  of  the  Coast  Ranges.  The  pattern  of  seismic  activity 
throughout  the  Coast  Ranges  suggests  that  contemporary  de- 
formation occurs  both  along  major  strike-slip  faults  and  on 
numerous  smaller  faults  distributed  throughout  the  Coast 
Ranges.  Unfortunately,  it  may  prove  difficult  to  determine  the 
state  of  activity  for  faults  in  steep  upland  areas,  other  than 
major  strike-slip  faults  occupying  topographic  depressions  that 
accumulate  Holocene  sediments.  Lack  of  evidence  for  active 
:x>mpressional  deformation  in  upland  areas  is  no  guarantee 
Jhat  such  activity  does  not  occur.  Detailed  mapping  of  fault 
traces  with  attention  concentrated  on  localized  Holocene  dep- 
ositional  environments  may  provide  evidence  for  such  defor- 
mation. The  major  seismic  hazards  in  upland  areas  still  may 
be  from  events  on  strike-slip  or  blind  thrust  faults,  rather  than 
from  small  earthquakes  and/or  coseismic  displacements  on 
smaller  faults.  In  many  areas,  strong  ground  shaking  and  seis- 
mic reactivation  of  large  landslide  complexes  probably  pre- 
sents the  greatest  hazard.  Nonetheless,  based  on  the  evidence 
for  general  Quaternary  compression  and  uplift  in  the  Coast 
Ranges,  the  apparent  alignment  of  microseismic  epicenters 
with  bedrock  faults,  and  evidence  for  complex  patterns  of 
active  faulting,  we  believe  that  the  potential  for  deformation 
exists  along  many  faults  in  the  San  Francisco  Bay  area  which 
presently  are  not  well-enough  defined  to  be  considered  active. 
This  is  especially  pertinent  when  addressing  the  potential  ac- 
tivity of  bedrock  faults  in  upland  environments  where  there  is 
no  Quaternary  section  and  the  probability  of  preserving  surfi- 
cial  evidence  of  Holocene  activity  often  is  minimal. 
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Late  Holocene  Paleoseismic  Events  at  Leyden  Creek, 

Northern  Calaveras  Fault 

by 
Keith  I.  Kelson1,  William  R.  Lettis1,  and  Gary  D.  Simpson1 


ABSTRACT 

Information  on  geologic  slip  rate  and  earthquake  recurrence  is  required  to  assess  the  potential  for  a  large 
earthquake  on  the  northern  segment  of  the  Calaveras  fault.  To  obtain  these  data,  we  conducted  paleo- 
seismic investigations  at  Leyden  Creek,  which  crosses  the  fault  1 .4  km  north  of  Calaveras  Reservoir.  The 
well-defined  fault  trace  at  this  site  is  marked  by  a  prominent  west-facing  scarp  and  the  juxtaposition  of 
serpentine  on  the  east  against  Cretaceous  sandstone  and  siltstone  on  the  west.  At  the  site,  at  least  three 
fluvial  terraces  are  preserved  on  the  western  side  of  the  fault.  On  the  eastern  (downstream)  side  of  the 
fault  is  a  narrow  bedrock  canyon  through  which  all  paleochannels  flowed.  Detailed  field  studies  show  that 
the  margin  of  a  buried  bedrock  paleo-valley  trends  nearly  perpendicular  to  the  fault  and  is  offset  59  ±  5  m 
in  a  right-lateral  sense.  Detrital  charcoal  from  colluvium  deposited  in  this  paleo-valley  yielded  a  minimum 
age  for  the  valley  margin  of  1720 ±160  cal.  yr  BP.  The  slip  rate  based  on  these  data  (about  34  mm/yr)  is 
unreasonably  high  probably  because  the  valley  margin  is  older  than  the  dated  colluvium.  Based  on  the 
thickness  of  colluvial  deposits  and  the  assumption  of  a  constant  colluviation  rate,  we  estimate  an  age  of 
7.5 ±3  ka  for  the  valley  margin  and  a  middle  Holocene  slip  rate  of  8±3  mm/yr  for  the  fault  at  Leyden 
Creek.  Three  trenches  excavated  across  the  fault  provide  information  about  the  styles  and  timing  of  defor- 
mation at  this  site.  Slickenside  data  show  that  sense  of  separation  is  predominantly  lateral  with  a  minor 
component  of  down-to-the-west  separation,  which  is  consistent  with  the  west-facing  fault  scarp.  Multiple 
displaced  fissure-fill  and  scarp-derived  colluvial  deposits  are  interpreted  as  results  of  at  least  four,  and 
possibly  eight,  episodes  of  surface  rupture.  Since  deposition  of  the  1720-year-old  colluvium,  at  least  three, 
and  possibly  seven,  surface  ruptures  have  occurred,  yielding  a  range  in  maximum  recurrence  interval  of 
roughly  200  to  900  years  for  surface-rupture  events. 


INTRODUCTION 

Although  the  northern  Calaveras  fault  is  recognized  as  a 
'potential  seismic  hazard  that  extends  along  the  densely  popu- 
lated Pleasanton-San  Ramon-Danville  urban  corridor,  the  slip 
rate,  rupture  history,  and  recurrence  interval  of  large  earth- 
quakes along  this  segment  of  the  fault  are  poorly  constrained. 
WGCEP  (1990)  assigned  30-year  probabilities  for  the  occur- 
rence of  large  earthquakes  along  segments  of  several  major 
faults  within  the  San  Francisco  Bay  region,  but  did  not  assign 
a  probability  estimate  to  the  northern  Calaveras  fault,  partly 
i  because  of  the  lack  of  data  on  geologic  slip  rates.  Thus,  with 
the  present  knowledge  of  the  northern  Calaveras  fault,  the 
probability  of  large  earthquakes  on  the  fault  cannot  be  estimat- 
ed with  reliability. 


The  Leyden  Creek  research  site  is  near  the  northern  end  of  a 
releasing  double-bend  occupied  by  Calaveras  Reservoir,  and 
is  directly  north  of  a  complex,  poorly  understood  zone  of  inter- 
action between  the  Calaveras  and  Hay  ward  faults  (Figure  1). 
The  zone  is  characterized  by  continued  microseismicity  along 
the  Calaveras  fault  south  of  Calaveras  Reservoir,  and  a  promi- 
nent trend  of  microseismicity  that  diverges  to  the  northwest 
from  the  Calaveras  fault  near  the  mapped  trace  of  the  Mission 
fault.  The  microseismicity  reflects  partial  transfer  of  slip  from 
the  central  Calaveras  fault  to  the  southern  segment  of  the  Hay- 
ward  fault  (Andrews,  1991;  Wong  and  Hemphill-Haley, 
1992).  The  mapped  trace  of  the  Calaveras  fault  north  of  Cala- 
veras Reservoir  is  seismically  quiescent  and  may  represent  a 
seismic  gap  along  a  locked  fault  (Oppenheimer  and  Lindh, 
1992).  Based  on  geomorphic  expression,  seismicity.  intersect- 
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Figure  1   Generalized  topographic  map  of  the  Calaveras-Hayward  fault  stepover  region,  showing 
major  faults,  drainages,  and  the  Leyden  Creek  site.  Segments  of  the  Calaveras  fault  from 
Simpson  and  others  (1992). 


1992 


PROCEEDINGS  OF  THE  SECOND  CONFERENCE 
ON  EARTHQUAKE  HAZARDS  IN  THE  EASTERN  SAN  FRANCISCO  BAY  AREA 


291 


ing  structures,  and  range-front  orientations,  Simpson  and  oth- 
ers (1992)  divide  the  northern  Calaveras  fault  into  four  geo- 
metric segments  that  may  or  may  not  reflect  distinct  rupture 
segments.  The  Leyden  Creek  site  is  within  the  9-km-long 
Calaveras  Reservoir  segment,  which  occupies  a  releasing 
double  bend  in  the  fault  that  may  arrest  propagation  of  coseis- 
mic  rupture  along  bordering  segments.  Based  on  the  presence 
of  microseismicity  along  the  fault  south  of  Calaveras  Reser- 
voir and  the  absence  of  microseismicity  north  of  the  reservoir 
(Oppenheimer  and  others,  1990),  this  segment  has  the  poten- 
tial to  rupture  separately  or  in  conjunction  with  the  fault  seg- 
ment to  the  north  (the  Sunol  segment  of  Simpson  and  others, 
1992). 

The  objectives  of  this  research  are  to  assess  the  slip  rate  and 
style  of  deformation  along  the  Calaveras  fault  at  Leyden 
Creek,  and  to  estimate  the  timing  and  recurrence  of  large- 
magnitude  earthquakes  on  the  fault.  This  information  contrib- 
utes to  the  understanding  of  the  nature  of  segmentation  and 
rates  of  strain  accumulation  along  the  fault,  and  provides  di- 
rect input  for  estimating  time-dependent  probabilities  of  large 
earthquakes  on  the  northern  Calaveras  fault. 

LEYDEN  CREEK  RESEARCH  SITE 

Our  investigations  of  the  Holocene  behavior  of  the  northern 
Calaveras  fault  at  Leyden  Creek  include  interpretation  of  aeri- 
al photography  of  the  site  vicinity,  geologic  and  geomorphic 
mapping  of  Quaternary  deposits  and  landforms,  and  subsur- 
face investigations  that  included  three  exploratory  trenches 
and  20  boreholes.  Our  approach  in  assessing  paleoseismic 
characteristics  of  the  fault  at  this  site  consists  of  two  main 
elements:  (1)  assessment  of  the  number  and  timing  of  dis- 
crete surface  faulting  events  based  on  the  recognition  and 
dating  of  displaced  and  undisplaced  fluvial,  colluvial,  and 
fissure-fill  deposits,  and  (2)  evaluation  of  Holocene  slip  rate 
based  on  the  amount  of  offset  and  age  of  a  buried  paleo-valley 
margin. 

The  Calaveras  fault  at  Leyden  Creek  consists  of  a  well- 
defined  active  fault  trace  marked  by  a  prominent  west-facing 
1  scarp  (Figure  2).  Along  this  north-trending  trace,  Cretaceous 
sandstone  and  siltstone  west  of  the  fault  is  juxtaposed  against 
serpentine  east  of  the  fault.  The  location  of  the  fault  in  the 
present  Leyden  Creek  channel  is  marked  by  perennial  springs, 
sheared  bedrock,  abrupt  changes  in  channel  gradient  and  mor- 
phology, and  a  15-m-wide  canyon  on  the  upthrown,  eastern 
side  of  the  fault.  At  least  three  fluvial  terraces  are  preserved 
upstream  of  the  bedrock  canyon,  through  which  Leyden  Creek 
flows  (Figure  2).  Fluvial  deposits  associated  with  these  terrace 
surfaces  are  poorly  sorted  and  contain  clasts  composed  almost 
exclusively  of  sandstone  and  siltstone  derived  from  the  Ley- 
den Creek  watershed.  Colluvial  deposits  derived  from  serpen- 
tine bedrock  east  of  the  fault  scarp  are  also  poorly  sorted  but 


contain  mostly  serpentine  clasts.  The  unique  clast  composi- 
tions allow  differentiation  between  scarp-derived  colluvium 
and  fluvial  deposits. 

We  excavated  three  exploratory  trenches  (Figure  2)  to  assess 
the  distribution  and  character  of  fluvial  and  colluvial  deposits 
across  the  Calaveras  fault.  In  general,  all  three  trenches  ex- 
posed fluvial  and/or  colluvial  deposits  in  fault  contact  with 
serpentine  bedrock  at  the  base  of  the  fault  scarp  (Figure  4). 
The  two  southern  trenches  (trenches  1  and  3)  exposed  scarp- 
derived,  westward-fining  colluvial  deposits  that  interfinger 
with  fluvial  deposits  derived  from  the  west.  We  interpret  that 
these  scarp-derived  colluvial  deposits  are  related  to  degrada- 
tion of  a  fault  scarp  produced  during  surface-rupture  events  for 
four  reasons:  (1)  the  deposits  decrease  in  thickness  abruptly 
away  from  the  fault  scarp  and  are  wedge-shape  in  cross  sec- 
tion; (2)  the  percentage  and  size  of  clasts  progressively  de- 
crease to  the  west  away  from  the  fault;  (3)  the  percentage  of 
serpentine  clasts  progressively  decreases  away  from  the  fault; 
and  (4)  many  of  the  colluvial  deposits  contain  large  (>50  cm), 
angular  serpentine  clasts  adjacent  to  the  fault,  which  probably 
represent  spalling  of  the  fault  scarp  during  and  immediately 
following  a  surface-rupture  earthquake. 

Stratigraphic  and  structural  relations  adjacent  to  the  fault 
differ  substantially  among  the  trench  exposures  (Figure  3).  In 
trench  3,  fault  planes  strike  N9°W  to  N12°E,  dip  53°  to  61°  to 
the  west,  and  are  associated  with  discontinuous  zones  of  black 
and  gray  clay  (units  FG2  and  FG3,  Figure  3A).  Fault  planes 
exposed  in  trench  1,  located  10  m  north  of  trench  3  (Figure  2), 
range  in  strike  from  N10°W  to  N5CE  and  are  also  associated 
with  black  and  gray  clay  (Figure  3B).  In  both  trenches,  the 
clay  typically  occurs  along  faults  between  colluvial  deposits 
and  serpentine  but  does  not  extend  into  uppermost  colluvial 
deposits.  The  clay  appears  to  be  intensely  sheared  serpentinitic 
fault  gouge  that  was  tectonically  emplaced  and,  in  part,  intrud- 
ed along  the  fault  zone.  Well-defined  slickensides,  preserved 
on  fault  planes  in  the  clay,  plunge  6°  to  8°  to  the  north,  defin- 
ing the  sense  of  slip  as  principally  lateral  slip  with  a  minor 
component  of  down-to-the-west  separation.  In  contrast  to  the 
west-dipping  shear  zone  in  trench  3,  the  zone  in  trench  1  is 
essentially  vertical  and  is  characterized  by  numerous  large  (up 
to  1.5  m  deep  and  0.4  m  wide)  fissure-fill  deposits  (units  FF1 
to  FF3;  Figure  3B).  These  deposits  are  silty  sands  and  sandy 
silts  that  contain  reworked  clasts  of  serpentine.  The  location  of 
these  deposits  within  the  shear  zone,  their  vertical  orientation, 
and  the  presence  of  serpentine  clasts  all  suggest  that  these 
deposits  reflect  infilling  of  large  surface  fissures,  most  likely 
soon  after  large  surface-rupture  events.  Notably,  unit  FF1  is 
bordered  by  gray  clay  on  its  top  and  bottom  contacts  and  ap- 
pears to  be  rotated  to  the  west  (clockwise  in  Figure  3B).  Be- 
cause similar  fissure-fill  deposits  are  not  present  in  trench  3, 
the  surface  fissures  are  localized  phenomena  perhaps  associat- 
ed with  a  small  releasing  bend  in  the  fault  trace  (Figure  2). 
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Figure  2    Surficial  geomorphic  map  of  the  Leyden  Creek  site,  showing  surface  trace  of  Calaveras  fault,  geomorphic  surfaces,  and 
locations  of  trenches  and  boreholes. 
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Figure  4.  Topographic  map  of  the  Leyden  Creek  site  showing  locations  of  trenches,  boreholes,  modern  valley 
margin  on  eastern  side  of  Calaveras  fault,  buried  valley  margin  on  western  side  of  fault,  and  structure  contours 
on  fault. 
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Seven  distinct  scarp-derived  colluvial  deposits  are  present  in 
trench  3,  and  five  correlative  units  are  present  in  trench  1 
(units  SCI  to  SC7,  Figure  3).  We  correlate  these  deposits  be- 
tween the  trenches  on  the  basis  of  lithologic  similarities  and 
stratigraphic  position.  For  example,  a  distinct,  poorly  sorted 
coarse  channel  deposit  present  in  both  trenches  (unit  A2,  Fig- 
ure 3A)  lies  stratigraphically  between  colluvial  units  SC4  and 
SC5,  and  allows  correlation  of  scarp-derived  colluvial  units 
between  the  trenches. 

Two  radiocarbon  ages  provide  estimates  of  deposit  ages.  A 
large  detrital  charcoal  fragment  from  an  alluvial/colluvial 
deposit  exposed  in  trench  3  (unit  AC2,  Figure  3A)  yielded  a 
radiocarbon  age  of  1720  ±  160  cal.  yr  BP  (Beta-48554).  This 
deposit  lies  stratigraphically  between  units  SCI  and  SC2,  and 
is  most  likely  correlative  with  alluvial/colluvial  unit  AC2  ex- 
1  posed  in  trench  1.  A  second  age-estimate  is  based  on  detrital 
;  charcoal  sampled  from  fluvial-terrace  deposits  inset  into  unit 
j  A2  and  exposed  in  the  present  Leyden  Creek  stream  bank. 
The  sample  yielded  a  radiocarbon  age  of  610  ±  150  cal.  yr  BP 
(Beta-34557).  Thus,  the  majority  of  deposits  exposed  in 
trenches  1  and  3  are  less  than  about  1720  ±160  years  old,  but 
are  more  than  about  610  ±  150  years  old. 

Trench  exposures  and  stratigraphic  data  from  an  array  of 
drillholes  between  trenches  1  and  2  (Figs.  2  and  4)  show  that  a 
buried  bedrock  valley  margin  is  present  beneath  the  Holocene 
valley-fill  deposits.  In  the  northernmost  trench  (trench  2,  Fig- 
ure 4),  siltstone  bedrock  is  about  2.5  m  deep;  whereas  siltstone 
bedrock  west  of  the  fault  was  not  exposed  in  trenches  1  and  3, 
both  of  which  are  over  4  m  deep  and  are  about  1  m  lower  in 
elevation  than  trench  2.  Drillhole  data  between  trenches  1  and 
2  define  a  south-facing,  approximately  4-m-high  buried  bed- 
rock scarp  that  continues  to  the  base  of  the  fault  scarp  (Figure 
4).  Because  the  channel  that  produced  this  valley  margin  must 
have  flowed  through  the  existing  narrow  bedrock  notch  on  the 
eastern  side  of  the  fault,  this  valley  margin  provides  a  piercing 
line  from  which  to  measure  lateral  offset.  Based  on  contours    • 
of  the  top  of  the  bedrock  surface  derived  from  drillhole  data 
and  trench  exposures,  and  on  the  projection  of  the  valley  mar- 
gin to  the  fault  trace,  the  right-lateral  offset  of  the  valley  mar- 
gin is  59  m  (+5  m,  -4  m).  The  most  reasonable  estimate  of 
offset  and  one  standard  error  is  59  ±  5  m  (Figure  4). 

The  minimum  age  of  the  buried  valley  margin  is  1720  ±  160 
cal.  yr  BP,  based  on  detrital  charcoal  from  unit  AC2.  Based  on 
this  age-estimate  and  59  ±  5  m  of  lateral  offset,  the  maximum 
lateral  slip  rate  is  34  ±  4  mm/yr  for  the  fault  at  this  site.  This 
slip  rate  is  most  likely  too  high  because  the  valley  margin  is 
older  than  the  dated  colluvium.  The  dated  charcoal  sample 
from  trench  3  was  2.7  m  below  the  ground  surface  and,  based 
on  drillhole  data,  the  bedrock  surface  associated  with  the  val- 
ley margin  is  about  12  m  deep  at  trench  3.  Assuming  a  con- 
stant rate  of  colluviation  (2.7  ±  0.2m  / 1720  ±  160  yr  =  1.6  ± 
0.2  mm/yr),  we  estimate  that  the  bedrock  surface  is  about  7.5 
±  3  ka.  This  early  to  middle  Holocene  age  for  the  valley  mar- 
gin is  reasonable  because  the  next-higher  terrace  (surface  2, 


Figure  2)  is  probably  late  to  middle  Pleistocene  in  age,  based 
on  the  presence  of  a  125-cm  thick  argillic  soil  horizon  devel- 
oped on  deposits  beneath  surface  2.  Assuming  an  age  of  7.5  ± 
3  ka  for  the  valley  margin,  we  estimate  a  Holocene  slip  rate  at 
this  site  of  8  ±  3  mm/yr.  However,  we  acknowledge  that  the 
assumption  of  a  constant  colluviation  rate  may  not  be  valid; 
we  present  this  preliminary  slip  rate  merely  as  an  estimate  that 
requires  refinement. 

NUMBER  AND  TIMING  OF  SURFACE 
RUPTURE  EVENTS 

The  fissure-fill  and  scarp-derived  colluvial  deposits  exposed 
in  the  trenches  record  at  least  four  and  possibly  as  many  as 
eight  surface-rupture  earthquakes  at  Leyden  Creek  within  the 
past  few  thousand  years.  Figure  5  shows  our  correlation  of 
deposits  between  trenches  1  and  3,  and  summarizes  the  num- 
ber and  sequence  of  rupture  events  at  the  site.  The  stratigraphi- 
cally lowest  surficial  deposit  exposed  in  the  trenches  is  an 
alluvial/colluvial  deposit  (unit  AC1;  Figure  3 A).  Overlying 
unit  AC1  is  the  lowest  scarp-derived  colluvium  (unit  SCI), 
which  interfingers  with  and  progrades  over  the  dated  alluvial/ 
colluvial  deposit  (unit  AC2;  1720  ±  160  cal.  yr  BP).  We  inter- 
pret that  the  lowermost  scarp-derived  colluvium  (unit  SCI) 
reflects  deposition  shortly  after  the  earliest  surface-rupture 
event  recorded  in  trenches  1  and  3  (earthquake  Z,  Figure  5). 
Based  on  the  presence  of  fissure-fill  deposits  and/or  scarp- 
derived  colluvial  deposits,  at  least  three  subsequent  surface- 
rupture  events  occurred  at  the  site  (earthquakes  X,  V,  and  U; 
Figure  5).  In  addition  to  these  events,  the  following  events  are 
possible  but  cannot  be  conclusively  demonstrated: 

Earthquake  Y?  -  Scarp-derived  colluvial  unit  SC2  (Figure 
3A)  may  reflect  deposition  after  a  surface-rupture  event,  al- 
though there  is  no  evidence  of  this  possible  event  in  trench  1. 
Unit  SC2  may  instead  be  a  deformed  part  of  alluvial/colluvial 
unit  AC2,  and  thus  is  unrelated  to  faulting.  These  relations 
make  the  occurrence  of  earthquake  Y  uncertain. 

Earthquake  W?  -  Scarp-derived  colluvium  SC3  clearly  rep- 
resents a  surface-rupture  event  (earthquake  X,  Figure  5).  Fis- 
sure fill  unit  FF1  may  also  be  a  result  of  this  event,  with  unit 
SC3  being  a  contemporaneous  colluvial-facies  equivalent  of 
unit  FF1.  If  so,  earthquake  W  did  not  occur.  This  scenario 
implies  that  other  colluvial-facies  equivalents  of  younger  fis- 
sure fills  were  removed  by  erosion,  probably  associated  with 
alluvial  unit  A2.  Alternatively,  unit  FF1  may  be  related  to  a 
separate  faulting  event  (earthquake  W)  that  post-dated  earth- 
quake X. 

Earthquake  T?  -  This  event  is  suggested  by  the  presence  of 
scarp-derived  colluvial  unit  SC6,  and  by  its  greater  thickness 
on  the  western  side  of  the  fault  in  both  trenches  1  and  3  (Fig- 
ure 3).  However,  this  unit  extends  upslope  beyond  the  limit  of 
faulting,  and  thus  at  least  partially  (and  possibly  wholly)  re- 
flects hillslope  colluviation  unrelated  to  a  scarp-producing 
earthquake. 
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Figure  5.  Diagram  showing  interpreted  correlation  of  units  between  trenches  1  and  3,  and  sequence  of  depositional  and  faulting 
events.  Units  shown  on  Figure  3.  Heavy  stipple  indicates  likely  earthquakes;  light  stipple  indicates  possible  earthquake  for  which 
evidence  is  equivocal. 


Earthquake  S?  -  Shearing  in  scarp-derived  colluvial  unit 
SC6  may  be  related  to  a  surface-faulting  event  or  to  active 
fault  creep.  If  a  result  of  fault  creep,  earthquake  S  did  not  oc- 
cur. In  this  scenario,  the  absence  of  shearing  in  the  uppermost 
colluvium  (unit  SC7)  is  explained  by  active  hillslope  colluvia- 
tion. 


Thus,  at  least  four  and  up  to  eight  surface-rupture  earth- 
quakes occurred  at  Leyden  Creek  in  the  past  few  thousand 
years.  Of  these,  at  least  three  and  possibly  seven  occurred 
during  the  past  1720  ±  160  years  (Figure  5).  Given  the  ab- 
sence of  historical  surface  rupture  on  this  part  of  the  fault,  the 
average  recurrence  interval  over  the  past  1720  ±  160  years  is 
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200  to  900  years.  If  more  than  one  event  occurred  during  the 
deposition  of  any  of  the  colluvial  deposits,  these  values  are 
maxima.  Thus,  our  data  yield  a  maximum  average  recurrence 
interval  of  about  900  years  during  the  late  Holocene.  Based  on 
the  historical  record  of  seismicity,  there  have  been  no  large 
earthquakes  associated  with  the  northern  Calaveras  fault  since 
about  the  1830s  (Oppenheimer  and  Lindh,  1992).  Thus,  the 
minimum  amount  of  elapsed  time  since  the  most-recent 
rupture  is  about  160  years,  which  is  consistent  with  our  esti- 
mated average  recurrence  interval  of  200  to  900  years. 

Our  preliminary  estimate  of  the  Holocene  slip  rate  on  the 
northern  Calaveras  fault  (8  ±  3  mm/yr)  is  larger  than  the 
historic  creep  rate  on  this  part  of  the  fault,  which,  based  on 
offset  cultural  features,  alinement  arrays,  and  small-aperture 
trilateration  networks,  is  about  3  ±  1  mm/yr  (Prescott  and 
others,  1981;  Burford  and  Sharp,1982;  Prescott  and  Lisowski, 
1982).  Assuming  that  the  amount  of  strain  accumulating  on  a 
fault  is  approximated  by  the  difference  between  geologic  and 
creep  rates,  there  may  be  5  ±  3  mm/yr  of  strain  accumulating 
on  the  northern  Calaveras  fault.  If  the  most  recent  rupture  on 
this  part  of  the  fault  was  more  than  160  years  ago,  then  at  least 


about  0.8  m  of  strain  has  accumulated.  Coupled  with  the 
absence  of  contemporary  seismicity  along  this  reach  of  the 
fault  (Oppenheimer  and  Lindh,  1992),  these  data  suggest  that 
the  northern  Calaveras  fault  poses  a  substantial  seismic  haz- 
ard. 
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Recent  Disruption  of  Packwood  Creek 
by  the  Calaveras  Fault 

by 
Deborah  R.  Harden1  and  Alexander  Gallego1 


ABSTRACT 

Packwood  Creek  is  a  27  km2  tributary  to  Anderson  Reservoir  near  Morgan  Hill.  Packwood  Creek  pres- 
ently makes  a  long  bend  as  it  crosses  the  Calaveras  fault  approximately  3  km  upstream  of  its  mouth. 
Prior  to  damming  and  subsequent  capture,  upper  Packwood  Creek  above  Dairy  Flat  apparently  flowed 
into  San  Felipe  Creek.  Continued  slip  along  the  Calaveras  fault  has  offset  the  channels  up  to  4  km.  At 
the  point  of  offset  in  Dairy  Flat,  hand  coring  revealed  the  presence  of  at  least  5  m  of  alluvium.  A  continu- 
ously cored  boring  in  middle  Packwood  Valley  revealed  the  presence  of  at  least  30  m  of  alluvial  fill.  The 
lower  5  m  of  gravelly  alluvium  are  inferred  to  be  correlative  with  Pleistocene  terraces  in  lower  San  Felipe 
Valley.  Subsequent  offset  at  least  partly  dammed  the  upper  Packwood  Creek  drainage,  resulting  in  the 
formation  of  up  to  10  m  of  clay  in  middle  Packwood  Valley.  Through-flowing  drainage  was  reestablished 
during  the  time  of  deposition  of  gravelly  alluvium  overlying  the  clay.  Wood  and  charcoal  samples  collect- 
ed from  above  and  below  the  clay  unit  yield  C14  ages  of  5650  +/-  320  BP  (Washington  State  University- 
4297)  and  >40,000  BP  (Washington  State  University-4296),  respectively.  Alluviation  of  Packwood  Valley 
ended  with  the  deposition  of  6  to  8  m  of  fine-grained  alluvium,  present  in  the  boring  and  in  natural  stre- 
ambank  exposures  in  Packwood  Valley.  Six  radiocarbon  dates  on  charcoal  indicate  that  these  deposits 
are  between  9000  and  5000  years  old.  The  valley  surface  was  then  stable  for  up  to  3000  years,  based 
on  the  degree  of  organic  matter  accumulation  in  the  surface  soil.  Finally,  as  recently  as  the  past  several 
hundred  years,  Packwood  Creek  has  incised  up  to  10  m  below  the  valley  surface.  We  conclude  that  the 
upper  Packwood  Creek  drainage,  including  Packwood  Valley,  has  recently  been  captured  by  the  lower 
channel  to  create  the  present  deflected  pattern. 


INTRODUCTION 

Packwood  Creek  is  a  27  square  kilometer-tributary  to 
Anderson  Reservoir,  6  km  northeast  of  Morgan  Hill  (Figure 
1).  From  its  headwaters,  which  reach  elevations  of  850  m, 
Packwood  Creek  flows  from  a  steep,  bedrock-confined  can- 
yon into  Packwood  Valley,  a  broad  alluviated  flat  that  was 
the  focus  of  our  investigation  (Figure  1).  The  lower  6  km  of 
the  channel  are  narrowly  confined,  and  the  creek  makes  a 
long  bend  as  it  crosses  the  Calaveras  Fault,  approximately  3 
km  upstream  of  Anderson  Reservoir.  Before  construction  of 
the  reservoir,  Packwood  Creek  flowed  into  lower  San  Felipe 
Creek  just  above  its  junction  with  Coyote  Creek  (Figure  1); 
the  mouth  of  Packwood  Creek  had  an  elevation  of  150  m. 

Like  many  of  the  stream  channels  in  the  vicinity  of  the 
Calaveras  Fault  in  this  region,  the  course  of  Packwood 
Creek  has  been  strongly  influenced  by  the  fault.  The  large 
sinuous  bend  across  the  fault  zone  and  the  steep,  narrow 
channel  of  Packwood  Creek  below  Dairy  Flat  (Figure  1) 


suggest  that  upper  Packwood  Creek  was  recently  captured 
by  a  headward-eroding  stream  to  create  the  present  channel 
configuration.  Prior  to  this  capture,  Packwood  Creek  was 
apparently  at  least  partly  defeated  by  fault  motion,  causing  it 
to  undergo  extensive  alluviation  in  Packwood  Valley  above 
Dairy  Flat. 

GEOLOGY 

The  Calaveras  Fault  system  between  lower  San  Felipe 
Valley  and  Anderson  Reservoir  (Figure  1)  is  a  complex 
zone  of  multiple  fault  strands  (Rogers  and  Williams,  1974). 
On  the  slope  east  of  Anderson  Dam,  the  fault  traces  are  ob- 
scured by  large  complex  landslides.  Aligned  sag  ponds  and 
marshy  areas  along  the  hillside  mark  the  mapped  trace  of 
the  fault.  Located  at  the  head  of  Packwood  Valley,  the  Mad- 
rone  Springs  Fault  is  a  steeply-dipping  fault  parallel  to  the 
main  Calaveras  trace.  Seismicity  associated  with  this  fault 
(Olson  and  others,  1991)  indicates  that  it  may  be  an  active 
strand  of  the  Calaveras  system. 
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Figure  1 .  Location  map  of  the  study  area,  showing  major  geologic  units  (modified  from  Rogers  and  Williams, 
1974)  and  apparent  offset  alluvium  of  Packwood  Creek  and  lower  San  Felipe  valley.  DF=  Dairy  Flat;  KJf= 
Franciscan  Assemblage;  Kb=  Berryessa  Fm.;  Ts=  "Hoover  Valley  Fm";  Tm=  Monterey  Fm;  QTsc=  Santa 
Clara  Fm;  Qal=  terrace  gravel  and  modern  alluvium. 


The  upper  portion  of  the  Packwood  Creek  basin  is  under- 
lain by  rocks  of  the  Franciscan  Assemblage,  with  grey- 
wacke,  shale,  and  chert  comprising  the  predominant  litholo- 
gies  (Figure  1;  Dibblee,  1973;  Rogers  and  Williams,  1974). 
The  Franciscan  rocks  are  juxtaposed  against  sedimentary 
rocks  of  Tertiary  age  along  the  Madrone  Spring  Fault. 
Southwest  of  the  Madrone  Springs  Fault,  Packwood  Creek 


flows  generally  perpendicular  to  the  regional  strike,  across 
the  Monterey,  "Hoover  Valley"  (Ortalda,  1950),  and  Ber- 
ryessa formations  (Figure  4).  These  units  consist  largely  of 
fine-grained  sedimentary  rocks,  predominantly  shale;  sand- 
stone and  chert  are  also  abundant  in  some  units.  The  older 
formations  display  conglomeratic  beds  containing  pebbles 
and  cobbles  of  chert  and  greywacke,  presumably  derived 
from  Franciscan  sources  (Dibblee,  1973;  Ortalda,  1950). 


1993 


PROCEEDINGS  OF  THE  SECOND  CONFERENCE 
ON  EARTHQUAKE  HAZARDS  IN  THE  EASTERN  SAN  FRANCISCO  BAY  AREA 


301 


Although  the  influence  of  resistant  beds  that  cross  lower 
Packwood  Valley  is  marked,  the  extent  of  alluviation  in  this 
small,  relatively  steep  mountain  watershed  is  anomalous. 
Furthermore,  the  apparent  correlations  between  the  valleys 
and  similar  geomorphic  features  in  San  Felipe  Valley  (Fig- 
ure 1)  and  between  stream  profiles  on  opposite  sides  of  the 
Calaveras  Fault  make  fault  activity  a  likely  suspect  in  creat- 
ing Packwood  Valley. 

West  of  the  mapped  trace  of  the  Calaveras  Fault,  gravel  of 
the  Plio-Pleistocene  Santa  Clara  Formation  (Rogers  and 
Williams,  1974)  is  exposed  in  lower  Packwood  Creek  and  in 
the  lower  portion  of  San  Felipe  Creek.  These  gravels,  origi- 
nally named  the  Packwood  Gravels  by  Tolman  (1934),  con- 
tain well  rounded  cobbles  and  small  boulders  of  greywacke, 
and  chert  derived  from  the  Great  Valley  Sequence  (D.L. 
Jones,  1992,  U.C.  Berkeley,  personal  communication),  as 
well  as  metavolcanic  rocks,  some  porphyritic.  The  Quater- 
nary terrace  gravels  in  lower  San  Felipe  valley  were  derived 
from  the  older  gravels  of  the  Santa  Clara  Formation. 

PACKWOOD  VALLEY 

We  infer  that  prior  to  defeat  by  right-lateral  faulting,  Pack- 
wood  Creek  flowed  into  San  Felipe  Creek  near  the  site  of 
extensive  gravel  terraces  studied  by  Kendrick  and  others  of 
the  U.S.  Geological  Survey.  Deposits  in  Packwood  Valley 
and  those  in  lower  San  Felipe  Valley  are  offset  approxi- 
mately 4  km  by  the  Calaveras  Fault  (Figure  1).  All  but  the 
lowest  of  the  extensive  gravel  terraces  in  lower  San  Felipe 
Valley  are  significantly  older  than  the  Packwood  Valley 
surface.  Gravel  terraces  above  the  valley  surface  are  absent 
in  Packwood  Valley,  suggesting  that  alluviation  rather  than 
incision  was  dominant  during  late  Pleistocene  time. 

Dairy  Flat  is  an  arcuate,  broad  flat  adjacent  to  the  northern 
bank  of  Packwood  Creek  at  the  downstream  end  of  Pack- 
wood  Valley.  Dairy  Flat  is  the  likely  point  at  which  Pack- 
wood  Creek  was  temporarily  defeated  by  the  Calaveras 
Fault.  Prior  to  damming,  Packwood  Creek  presumably 
flowed  into  lower  San  Felipe  Valley  via  Dairy  Flat.  Hand- 
augured  cores  revealed  up  to  5  meters  of  fine-grained  alluvi- 
um and  minor  associated  pebbles  in  Dairy  Flat. 

The  surface  of  Packwood  Valley  is  relatively  undissected 
and  shows  a  uniform  gradient  of  15.5  m/km.  As  would  be 
expected,  the  valley  gradient  is  less  steep  than  that  of  the 
modern,  incised  channel.  The  present  channel  is  incised 
between  1  and  8  meters  below  the  valley  surface,  showing 
the  maximum  incision  just  upstream  of  Hoover  Creek. 

PACKWOOD  VALLEY  CORE 

Both  the  scanty  record  from  an  agricultural  well  and  pro- 
jections of  the  profiles  of  the  valley  walls  suggested  that  the 
alluvial  fill  in  Packwood  Valley  could  be  at  least  30  meters 
deep.  Because  the  only  likely  location  for  the  pre-Holocene 
deposits  correlative  with  terraces  in  lower  San  Felipe  Valley 


appeared  to  be  in  the  subsurface,  we  drilled  and  continuous- 
ly cored  the  valley  fill  at  a  site  in  middle  Packwood  Valley. 
The  valley-filling  alluvium  at  the  boring  site  is  at  least  28  m 
thick  and  appears  to  overlie  angular  colluvium  derived  from 
shale  of  the  "Hoover  Valley"  Formation  (Figure  2,  Unit  I). 
The  auger  was  unable  to  penetrate  below  30.5  meters  depth, 
and  we  interpret  this  as  the  bedrock/colluvium  contact. 

The  core  obtained  provides  strong  evidence  that  Pack- 
wood  Creek  was  at  least  partially  dammed  during  the  time 
period  represented  by  the  core.  The  lowermost  alluvial  de- 
posits, composed  of  sandy  gravel  with  a  total  thickness  of  2 
m  (Figure  2,  Unit  II),  are  overlain  by  9.8  meters  of  sandy 
clay  and  clay  (Figure  2,  Unit  III).  The  lower  clay  layers  are 
dense  and  massive;  clay  layers  in  the  upper  part  of  the  unit 
are  mottled  and  locally  laminated.  Browner,  oxidized  layers 
at  intervals  in  the  unit  suggest  periodic  oxidizing  conditions, 
perhaps  during  subaerial  exposure.  We  interpret  the  clay 
layers  as  deposits  of  a  marsh-like  meadow  with  stagnant, 
but  not  necessarily  deep  water. 

A  return  to  fluvial  conditions  is  represented  by  Unit  IV  in 
the  core  (Figure  2).  This  unit  consists  of  8.3  meters  of  cob- 
ble and  pebble  gravel,  fining  upwards  to  a  hard,  silty  clay 
that  is  equivalent  to  the  lower  unit  exposed  in  the  bank  of 
Packwood  Creek  at  nearby  sites.  The  generally  coarser  tex- 
ture of  the  lower  part  of  Unit  IV  suggests  Packwood  Creek 
had  greater  competence  than  during  the  period  represented 
by  the  overlying  units. 

In  order  to  ascertain  that  the  gravelly  alluvium  in  the  core 
was  in  fact  deposited  by  Packwood  Creek  and  not  by  local 
tributaries,  we  separated  the  pebble-sized  material  from  two 
intervals  in  the  core  in  Unit  II  and  Unit  IV.  Dr.  Vic  Seiders 
of  the  U.S.  Geological  Survey  performed  pebble  counts  on 
etched  pebbles  and  confirmed  that  the  gravels  in  both  units 
contain  chert  and  sandstone  derived  from  the  Franciscan 
units  found  in  the  basin  headwaters  (Vic  Seiders,  1991,  per- 
sonal communication).  The  samples  are  also  grossly  similar 
to  each  other,  suggesting  that  no  drastic  changes  in  the  ba- 
sin's headwaters  occurred  during  the  period  when  Pack- 
wood  Creek  was  apparently  dammed. 

One  charcoal  sample  from  24.9  m  depth  at  the  top  of  Unit 
II  was  beyond  the  age  limit  of  radiocarbon  analysis 
(>40,000  BP).  A  second  large  sample  of  partly  burned  wood 
at  10.7  m  depth  in  Unit  IV  yielded  a  14C  age  of  5650  +/-  320 
BP  (Figure  2).  In  addition,  we  have  extracted,  dried,  and 
stored  30  small  samples  for  future  accelerator  dating.  Fur- 
ther study  of  the  core  sediments  could  include  grain  size 
analysis  of  buried  soils,  extraction  of  microtine  rodent  fos- 
sils, and  possible  pollen  analysis  in  order  to  establish  the  age 
and  paleoclimatic  conditions  represented  in  the  clay  layer. 

STREAMBANK  EXPOSURES 

Natural  exposures  of  the  upper  6  to  8  meters  of  valley- 
filling  alluvium  along  the  banks  of  Packwood  Creek  in  mid- 
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UNIT    V. 


Episodic  deposition  of 
fine  — groined  olluvium 
in    ogg/odmg   volley 


UNIT  IV: 


Deposition    of    fining-upwords 
cobble   grovel    olluvium    by 
through    flowing    streom 
in    oggroding    volley 


UNIT  III: 


Deposition    of    very    fine—  gromed 
sediment    in    portiolly   dammed 
volley 


UNIT  II: 


Deposition   of   grovelly 
ond    fine-gromed    olluvium 
by    through    flowing    stream 


UNIT  I: 


Deposition  of  angular 
colluvial  grovels  from 
adjocent    bedrock    slopes 


Figure  2.  Descriptive  log  of  boring  in  Packwood  Valley  showing  ages  of  dated  charcoal  samples. 
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die  Packwood  Valley  record  the  final  stages  of  valley  aggra- 
dation. Hand-clearing  and  excavation  of  four  sites  along  the 
bank  and  field  traverses  between  sites  allowed  us  to  examine 
all  natural  exposures  in  Packwood  Valley.  Radiocarbon  dat- 
ing of  detrital  charcoal  collected  from  3  sites  was  performed 
by  Dr.  Yvonne  Welter  at  Washington  State  University. 

Uncertainties  associated  with  radiocarbon  ages  obtained 
from  detrital  charcoal  samples  preclude  us  from  making  de- 
finitive correlations  in  Packwood  Valley.  However,  based  on 
6  14C  dates,  it  appears  that  the  upper  6  to  8  meters  of  alluvium 
in  middle  Packwood  Valley  are  of  mid-  Holocene  age,  or 
between  about  7000  and  5000  B.P.  This  age  range  is  consis- 
tent with  the  degree  of  soil  development  seen  on  the  valley 
surface,  which  suggests  up  to  a  few  thousand  years  of  stabili- 
ty following  alluviation.  Based  on  the  general  appearance  of 
fine-grained  units  at  the  three  upstream  sites,  we  would  corre- 
late them  with  Unit  V  at  the  middle  sites  (Figure  2). 

Deposits  in  the  middle  portion  of  Packwood  Valley  show  a 
lower  unit  that  consists  of  more  than  1 .5  m  of  very  hard,  silt 
clay  with  sparse  pebble  layers.  This  unit  is  overlain  by  a  less 
indurated,  fine-grained  sequence  of  inferred  flood  deposits, 
whose  total  thickness  is  between  5  and  6  meters.  Each  deposit 
consists  of  a  lighter,  pebbly  or  sandy  layer  overlain  by  a  finer- 
grained  and  darker  colored  horizon.  Organic  carbon  analysis 
of  these  couplets  and  their  fining-upward  texture  lead  us  to 
interpret  them  as  individual  depositional  events  separated  by 
brief  intervals  of  stability  and  development  of  weak  A  hori- 
zons. Episodic  deposition  is  recorded  only  in  the  middle  posi- 
tion of  the  valley:  buried  soils  were  not  observed  in  natural 
exposures  at  upstream  or  downstream  sites.  Detrital  charcoal 
samples  from  the  lower  part  of  the  upper  unit  yielded  an  age 
of  5160  +/-  160  B.P.  (WSU-4161).  The  upper  7  meters  of  the 
core  are  equivalent  to  the  upper  deposits  seen  in  the  middle 
valley,  and  they  display  similar  buried  soils  as  those  seen  in 
the  natural  exposure. 

The  deposits  exposed  in  the  streambanks  of  Packwood 
Creek  show  no  evidence  that  the  stream  has  been  dammed 
during  the  period  represented  by  the  deposits.  On  the  other 
hand,  we  see  no  evidence  of  cyclic  cutting  and  filling  in  the 
form  of  inset  deposits.  The  history  of  Packwood  Creek  during 
this  time  was  one  of  gradual  alluviation  with  some  intervals 
of  local  floodplain  stability  in  reaches  where  weak  buried 
soils  are  present.  Approximately  0.5  m  of  organic-enriched  A 
horizon  has  formed  on  the  valley  surface.  The  degree  of  de- 
velopment of  the  surface  soil  appears  to  be  uniform  through- 
out the  valley  and  suggests  that  valley  alluviation  ceased  no 
more  than  a  few  thousand  years  ago.  This  period  was  fol- 
lowed by  recent,  dramatic  incision. 

Field  mapping  of  the  terraces  inset  below  the  Packwood 
Valley  surface,  conducted  with  a  tape  and  compass  on  a  scale 
of  1:600,  revealed  terraces  at  about  2.5  meters  above  the  mod- 
ern channel,  and  at  about  1.5  meters  above  the  channel.  The 
general  lack  of  soil  development  on  both  surfaces  and  the 
presence  of  a  tin  can  in  the  lower  terrace  deposits  suggest  that 
the  incision  of  Packwood  Creek  has  been  recent.  Deposits 
underlying  the  terraces  are  similar  to  those  seen  underlying 
the  Packwood  Valley  surface  and  to  those  of  the  modern 
creek. 


HISTORY  OF  PACKWOOD  CREEK 

Deposits  and  surfaces  studied  to  date  suggest  a  history  of 
fault-related  drainage  disruption  during  late  Pleistocene  and 
Holocene  time.  Packwood  Creek  flowed  westward  into  low- 
er San  Felipe  Creek  before  drainage  was  disrupted  by  the 
Calaveras  Fault.  Pre-disruption  alluvium  in  the  core  is 
>40,000.  Packwood  Creek  was  at  least  partly  dammed  long 
enough  for  a  10-m  thick  deposit  of  clay  to  accumulate.  Dis- 
ruption of  the  drainage  by  motion  on  the  Calaveras  Fault 
may  have  resulted  when  a  shutter  ridge  blocked  the  drainage 
near  Dairy  Flat.  Through-flowing  drainage  was  re-estab- 
lished, but  alluviation  of  Packwood  Valley  continued 
through  mid-Holocene  time.  The  course  of  Packwood  Creek 
during  formation  of  the  alluvium  above  the  clay  layer  is 
presently  unknown.  The  Packwood  Valley  surface  was  then 
stable  for  up  to  2000-3000  years.  Incision  of  the  present 
channel  has  occurred  during  the  past  3000  years  and  may  be 
as  recent  as  the  past  few  centuries.  Incision  may  have  been 
triggered  by  capture  of  the  upper  channel.  It  may  also  have 
been  triggered  by  changes  in  hydrologic  conditions  in  the 
basin. 
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Geologic  and  Seismic  Hazards  in 
the  City  of  Morgan  Hill,  California 

by 
John  M.  Coyle1  and  Peter  C.  Anderson2 


ABSTRACT 

During  1990  and  1991  we  mapped  the  City  of  Morgan  Hill  at  a  scale  of  1"=200'  for  the  purpose  of  identify- 
ing and  characterizing  geologic  and  seismic  hazards.  During  this  study,  we  identified  geologic  and  geomor- 
phic  evidence  for  faulting  along  the  base  of  the  Diablo  Range.  Faulting  was  observed  to  juxtapose  Quater- 
nary to  Tertiary  aged  sedimentary  rocks  of  the  Santa  Clara  Formation  over  Quaternary  alluvium,  indicating 
that  the  fault  should  be  considered  to  be  at  least  potentially  active.  The  results  of  our  geologic  mapping  form 
the  basis  of  a  Geologic  Map  of  the  City  of  Morgan  Hill. 

In  addition  to  faulting,  other  geologic  and  geotechnical  hazards  identified  in  our  study  include  landsliding, 
liquefaction,  shallow  ground  water,  expansive  soil,  and  potentially  unstable  fill.  These  hazards  were  catego- 
rized according  to  their  relative  potential  instability  and  are  portrayed  on  a  Ground  Movement  Potential 
(GMP)  Map  of  the  City  of  Morgan  Hill. 


INTRODUCTION 

The  City  of  Morgan  Hill  is  located  about  19  mi. 
southeast  of  San  Jose  (Figure  1).  Our  geologic 
and  seismic  hazards  study  for  the  City  of  Morgan 
Hill  has  brought  to  light  new  geologic  and  geo- 
morphic  evidence  for  a  fault  on  the  east  side  of 
the  Santa  Clara  Valley  along  at  the  base  of  the 
Diablo  Range  east  of  Morgan  Hill.  We  informally 
named  this  fault  the  Range  Front  Thrust  fault.  As 
part  of  our  study,  we  evaluated  and  zoned  the 
risks  associated  with  this  fault  and  other  geologic 
hazards  in  the  area. 

This  area  has  been  mapped  as  a  part  of  geologic 
studies  by  several  workers  (Smith,  1981;  Bryant, 
1981;  Wagner,  1978;  Rogers  and  Williams,  1974; 
Dibblee,  1973a,  1973b,  1973c;  and  Helly,  1971). 
Faults  in  this  area  were  previously  mapped  at  a 
regional  scale  (Smith,  1981;  Bryant,  1981),  and 
some  studies  (Wagner,  1978;  Dibblee,  1973 
a,b,c)  reported  evidence  of  faulting  along  portions 
of  the  base  of  the  foothills.  Our  study,  at  a  much 
finer  resolution  (1  inch  =  200  feet),  documents 
more  detailed  geologic  and  geomorphic  evidence 
for  faulting  than  has  been  previously  reported. 


EXPLANATION 

Foult,  dashed  where 
approximate,  dotted 
concealed 

Approximate  location  of 
eorthquake  epicenter- 
mogmtude  ond  year 


Figure  1 .  Regional  fault  map  showing  major  faults  and  epicenters  of  major  historic 
earthquakes  that  caused  damage  in  Morgan  Hill. 


1  John  Coyle  &  Associates,  Inc.,  251  Loucks  Avenue,  Los  Altos,  CA  94022. 
2Pacific  Geotechnical  Engineering,  16120  Caputo  Drive,  Morgan  Hill,  CA  95037. 
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Figure  2.  Geologic  map  of  the  Diablo  Range  portion  of 
the  Morgan  Hill  study  area.  See  Figure  3  for  location  of 
area. 


1992 


PROCEEDINGS  OF  THE  SECOND  CONFERENCE 
ON  EARTHQUAKE  HAZARDS  IN  THE  EASTERN  SAN  FRANCISCO  BAY  AREA 


307 


GEOLOGIC  EVIDENCE  FOR  THE  RANGE 
FRONT  THRUST  FAULT 

Along  the  base  of  the  Diablo  Range  in  Morgan  Hill,  alluvial 
fans  or  large  landslides  conceal  much  of  the  evidence  for  a 
Quaternary  tectonic  structure.  However,  geologic  evidence  for 
faulting  along  the  range  front  is  exposed  at  four  locations, 
which  are  briefly  described  below,  from  north  to  south.  The 
locations  numbered  below  correspond  to  the  numbered  loca- 
tions in  Figure  2. 

1 .  Quarry  Cutslope  -  A  zone  of  faulting,  about  25  ft.  in 
width,  is  exposed  in  a  north-facing  quarry  cutslope.  At  this 
location  Santa  Clara  Formation  sediments  are  on  both  sides 
of  the  faults.  The  faults  are  high-angle  reverse  faults  that 
generally  dip  steeply  to  the  northeast.  About  75  ft.  to  the 
east  is  a  zone  of  fault  gouge. 

2.  Drainage  Exposure  -  Franciscan  Complex  melange  is 
faulted  against  Santa  Clara  Formation  along  a  steep  east- 
ward-dipping shear  zone. 

3.  Melange  Zone  -  The  fault  is  inferred  from  a  previously 
unrecognized  sliver  of  Franciscan  complex  melange  that  is 
faulted  against  Santa  Clara  Formation. 


4.  Thomas  Grade  Road  -  Steeply  east-dipping  Santa  Clara 
Formation  sediments  are  faulted  over  old  alluvium  along  a 
shallow  (15°)  east-dipping  thrust  fault. 

We  interpret  these  exposed  faults  to  be  part  of  a  single  sys- 
tem of  reverse  faults  along  the  base  of  the  Diablo  Range. 


GEOMORPHIC  EVIDENCE  FOR  THE 
RANGE  FRONT  FAULT 

Geomorphic  evidence  for  a  range  front  fault  includes  a  fault 
scarp  (numbered  5  below  and  in  Figure  2)  and  the  linear  topo- 
graphic expression  of  the  base  of  range  (shown  in  Figure  3). 

5.  Maple  Avenue  Scarp  -  A  southwest-facing  scarp  can  be 
observed  at  the  end  of  Maple  Avenue.  This  scarp  is  character- 
ized by  an  extremely  linear  strike  and  a  sharp  break  in  slope  at 
the  top  and  the  bottom  of  the  scarp.  It  is  exposed  for  about  300 
ft.  along  the  range  front  and  is  about  35  ft.  high.  The  scarp  is 
in  old  alluvial  deposits. 

General  Topographic  Expression  -  Very  strong  geomor- 
phic evidence  for  a  fault  along  the  base  of  the  range  is  the 

linear  trend  of  the  base  of  the  range  between  Coy- 
ote Creek  and  Maple  Avenue  (Figure  2).  Thought 
the  fault  is  buried  along  the  base  of  the  range  by 
alluvial  fans  and  large  landslides,  the  linear  trend  of 
the  base  of  the  range  front  is  obvious,  especially 
when  compared  with  the  west  side  of  the  Santa 
Clara  Valley  (Figure  3),  where  no  faulting  has  been 
recognized. 
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Figure  3.  Bedrock-Alluvium  Map  of  Morgan  Hill.  Bedrock  areas  are  shaded.  Note 
deep  alluvial  embayments  of  the  Santa  Cruz  Mountains,  creating  at  least  two 
inselbergs.  Conversely,  the  front  of  the  Diablo  Range  is  strikingly  linear, 
particularly  when  landsliding  is  accounted  for. 

Approximate  outline  of  area  in  Figure  2. 


SUMMARY  OF  GEOLOGIC  AND 
GEOMORPHIC  EVIDENCE 

Geologic  evidence  for  low-angle  thrust  faulting 
and  high-angle  reverse  faulting  is  visible  at  several 
natural  and  artificial  exposures  along  the  base  of 
the  Diablo  Range  on  the  east  side  of  Morgan  Hill. 
In  addition,  a  well  developed  linear  geomorphic 
feature  that  appears  to  be  a  fault  scarp  is  present  at 
one  location  along  the  range  front.  The  same  geo- 
logic units  are  not  juxtaposed  at  each  fault  expo- 
sure and  the  width  of  the  zone  of  faulting  is  vari- 
able; however,  the  exposures  reveal  the  presence  of 
an  eastward-dipping  fault  essentially  at  or  very 
near  the  base  of  the  range  front.  We  conclude  that 
the  geologic  evidence  for  faulting,  at  the  locations 
described  above,  in  combination  with  the  very 
linear  base  of  the  range  front  and  the  geomorphic 
scarp,  manifest  a  fault  along  the  base  of  the  Diablo 
Range  east  of  Morgan  Hill.  For  the  purpose  of 
discussion,  we  have  informally  named  this  fault 
the  Range  Front  Thrust  fault. 
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Figure  4.  Preliminary  Geologic  Cross  Section  showing  proposed  relationship  between  the  Range  Front  Thrust  fault  and  other  faults  in  the 
immediate  vicinity. 


It  is  possible,  in  view  of  the  variety  of  geologic  units  juxta- 
posed by  faulting,  that  more  than  one  fault  may  be  present 
along  the  base  of  the  hills.  Future  studies  may  reveal  that  a 
zone  or  system  of  faults  exist.  In  addition,  as  yet  unknown 
faults  may  be  present  to  the  west  of  the  Range  Front  Thrust 
fault,  buried  beneath  the  alluvium  of  Santa  Clara  Valley.  It  is 
likely  that  the  Range  Front  Thrust  fault  joins  the  Calaveras 
fault  zone  at  depth  to  the  east  (Figure  4). 

POSTULATED  ACTIVITY 

The  Range  Front  Thrust  fault  is  not  known  to  offset  Holo- 
cene  materials,  so  it  can  not  be  classified  as  active.  We  have 
classified  the  Range  Front  Thrust  fault  as  potentially  active, 
however,  based  on  the  following  lines  of  evidence: 

1 .  The  fault  has  thrust  the  Quaternary  or  Tertiary  Santa  Clara 

Formation  over  old  alluvium. 

2.  The  fault  includes  one  scarp  that  is  well  developed  in  old 
alluvium. 

3.  The  fault  does  not  offset  the  young  alluvial  fans  and  drain- 
ages along  the  range  front,  suggesting  that  it  has  not  been 
active  during  the  Holocene. 

4.  The  fault  appears  to  be  associated  with  the  active  Calaveras 
fault  zone  at  depth. 

At  this  time,  insufficient  data  exist  to  determine  the  possible 
size  of  characteristic  earthquakes  or  the  average  recurrence 
interval  for  the  Range  Front  Thrust  fault.  Our  continuing  work 
will  address  these  questions. 

GROUND  MOVEMENT  POTENTIAL 

Future  development  in  the  Morgan  Hill  area  is  constrained 
by  the  presence  of  the  potentially  active  Range  Front  Thrust 
fault  and  other  identified  geologic  hazards.  One  of  the  objec- 


tives of  our  investigation  was  to  provide  the  City  with  a  means 
by  which  they  could  regulate  development  in  geologically 
sensitive  areas.  It  was  our  judgment  that  a  Ground  Movement 
Potential  (GMP)  Map  would  best  meet  that  objective. 

The  concept  of  portraying  geologic  hazards  to  planners  and 
the  general  public  on  a  GMP  Map  was  first  developed  in  1974 
in  Portola  Valley  (William  Spangle  and  Associates,  1988)  and> 
with  slight  variations,  has  been  used  in  other  Bay  Area  cities, 
such  as  Saratoga,  Belmont,  and  Woodside.  For  our  study  we 
adopted  many  previously  defined  GMP  categories,  modified 
one  category,  and  developed  four  new  categories  to  portray 
the  geologic  hazards  we  interpret  to  exist  in  Morgan  Hill. 

An  abridged  set  of  our  GMP  categories  is  presented  in  Table 
1.  It  is  divided  into  three  major  categories:  "S"  for  relatively 
stable  ground;  "P"  for  potentially  unstable  ground;  and  "M" 
for  unstable,  moving  ground. 

Most  of  the  GMP  categories  we  used  were  derived  from 
previously  published  GMP  maps.  Three  new  "S"  categories 
we  developed  are:  (1)  "Sgw"  —  Areas  of  shallow  ground 
water;  (2)  "Slq"  —  Areas  of  low  potential  for  liquefaction 
(there  are  no  areas  of  moderate  or  high  potential  within  the 
study  area);  and  (3)  "Suf  —  Areas  of  unconsolidated  recent 
alluvial  fill  or  uncontrolled  man-made  fill  on  flat  ground. 

The  new  "P"  category  devised  for  the  study  is  "Puf"  — 
Area  of  uncontrolled  fill  on  sloping  ground.  The  "Pdf '  cate- 
gory (Potential  debris  flow  area)  is  modified  from  prior  usage 
by  placing  arrows  at  the  bottoms  of  flow  paths  to  indicate 
general  runout  directions.  We  specifically  did  not  map  distal 
boundaries  for  runout  areas,  because  that  would  warrant  a 
detailed  study  more  suited  to  an  evaluation  of  a  particular  site 
specific  development  plan. 
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Figure  5.  Portion  of  the  Geologic  Map  of  the  City  of  Morgan  Hill  along  the  base  of  the  Diablo  Range  showing  the 
Range  Front  Thrust  fault  and  the  Coyote  Creek  fault  zone.  The  Melange  Zone  (Site  #2)  and  Drainage  Exposure 
(Site  #3)  discussed  in  the  text  are  indicated. 


Figure  6.  Portion  of  the  Grand  Movement  Potential  Map  of  the  City  of  Morgan  Hill  covering  the  same 
area  as  in  Fig.  5. 
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Table  1. 

Abridged  Explanation  —  Ground  Movement  Potential  Map  —  Morgan  Hill 

Areas  of  Relatively  Stable  Ground 

Areas  of  Potentially  UnstableGround 

Sbr 

Stable  bedrock  on  flat  or  gently 

Puf            Uncontrolled  fill  on  sloping  ground. 

sloping  ground. 

Ps             Potential  shallow  landsliding  (<1 0'  thk). 

Scf 

Controlled  structural  fill. 

Prf             Potential  rock  fall. 

Sis 

Stabilized  landslide. 

Pd             Potential  deep  landsliding  (>10'  thk). 

Sun 

Unconsolidated  older  alluvium 

Pdf            Potential  debris  flow  source  area  and  flow  path. 

Sx 

Moderately  to  highly  expansive  soil. 

Paf            Potenial  fault  rupture. 

Suf 

Unconsolidated  recent  alluvial  fill 
or  uncontrolled,  man-made  fill. 

Areas  of  Moving  Ground 

Slq 
Sgw 

Low  potential  for  liquefaction. 
Potential  ground  water  within  15 
feet  of  ground  surface. 

Ms             Active  shallow  landsliding  (<10'  thk). 
Md            Active  deep  landsliding  (>10'  thk). 

CONCLUSIONS 

Geologic  mapping  and  evaluation  of  geomorphic  features  along  the  base  of  the  Diablo  Range 
east  of  Morgan  Hill  strongly  suggest  the  presence  of  a  range  front  fault  or  fault  zone  that,  in  this 
area,  separates  the  Diablo  Range  from  the  Santa  Clara  Valley.  We  judge  this  fault  to  be  poten- 
tially active  and  informally  named  it  the  Range  Front  Thrust  fault.  We  have  zoned  this  fault 
along  with  other  geologic  hazards  for  the  City  of  Morgan  Hill. 
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Progress  in  Understanding  the  Concord  Fault 
through  Site  Specific  Studies 

By 

Christopher  J.  Wills  and  Earl  W.  Hart1 


ABSTRACT 

The  Concord  fault  was  recognized  as  an  active  creeping  fault  by  Sharp  (1973)  and  was  included  within  an  Alquist- 
Priolo  Special  Studies  Zone  in  1974.  Since  1973,  geologic  studies  of  more  than  130  individual  sites  along  the  Con- 
cord fault  have  been  conducted.  These  reports  have  filled  in  some  gaps  in  the  location  of  the  central  segment  of  the 
fault  and  have  begun  to  constrain  the  relatively  poorly-known  northern  and  southern  segments. 

The  northern  segment  of  the  fault  was  originally  mapped  by  Sharp  (1973)  as  an  inferred  fault  along  the  linear  west 
front  of  "Tank  Farm  Hill".  Recent  work  has  confirmed  this  general  location  based  on  deep  borings  and  geophysical 
surveys.  The  fault  is  largely  obscured  at  the  surface,  however,  by  the  modern  channel  of  Walnut  Creek  and  by  Holo- 
cene  marsh  deposits.  Evidence  for  creep  on  an  eastern  trace  mapped  by  Sharp  has  been  locally  verified.  Another 
eastern  trace  mapped  by  Sims  and  others  (1973)  has  not  been  verified. 

The  central  segment  has  been  found  in  numerous  trenches  excavated  by  geologic  consultants.  The  trench  expo- 
sures indicate  that  the  fault  forms  a  narrow  zone  coincident  with  both  creep  and  well-defined  geomorphic  features. 
The  fault  defined  by  trench  exposures  partly  coincides  with  a  groundwater  barrier  originally  mapped  by  Poland 
(1935). 

The  southern  segment  is  inferred  from  the  linear  front  of  Lime  Ridge,  but  lacks  the  small-scale  geomorphic  fea- 
tures commonly  present  along  active  strike-slip  faults.  Trenching  investigations  have  produced  only  equivocal  data 
as  to  the  location  of  recently  active  traces. 


INTRODUCTION 

The  Concord  fault  is  a  N30°W-trending  right-lateral  fault 
of  the  San  Andreas  fault  system.  As  shown  on  current 
Alquist-Priolo  Special  Studies  Zones  maps  (DMG,  1974, 
1977),  it  extends  for  about  18  km  along  the  edge  of  Ygna- 
cio  Valley  from  the  base  of  Mount  Diablo  to  the  south 
shore  of  Suisun  Bay.  It  is  one  of  a  series  of  right-stepping 
faults  that  include  the  active  Green  Valley  fault  to  the  north 
and  the  Calaveras  fault  to  the  south  (Figure  1). 

Following  the  recognition  by  Sharp  (1973)  that  the  Con- 
cord fault  is  actively  creeping  and  subsequent  zonation 
under  the  Alquist-Priolo  Special  Studies  Zones  Act  (DMG, 
1974, 1977),  the  Concord  fault  has  been  studied  in  more 
than  130  site-specific  investigations.  As  a  result,  it  is  clear 
that  some  traces  on  the  Special  Studies  Zones  maps  are 
located  accurately,  but  others  are  not  well  located  or  could 
not  be  verified.  The  Division  of  Mines  and  Geology  is 
currently  evaluating  the  Concord  fault  to  determine  how 
the  Special  Studies  Zones  should  be  modified  to  meet  the 
current  zoning  criteria  (Hart,  1992). 


Figure  1 .  Principal  active  faults  of  the  eastern  San  Francisco  Bay  area 
(modified  from  Jennings,  1975)  showing  location  of  the  Concord  and 
related  faults. 
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REGIONAL  STUDIES 

The  Concord  fault  was  originally  discovered  as  a  result  of  a 
lawsuit  by  ranchers  in  the  Ygnacio  Valley  who  alleged  that 
pumping  of  groundwater  by  the  Port  Costa  Water  Company 
was  adversely  affecting  their  wells.  The  resulting  investigations 
generated  a  large  volume  of  data  on  the  groundwater  of  the 
Ygnacio  Valley,  particularly  in  the  Concord  area.  J.F.  Poland 
(1935)  reviewed  and  summarized  the  court  documents  and 
recognized  that  the  prominent,  linear,  groundwater  barrier 
through  central  Concord  was  a  fault  in  the  alluvium.  He  named 
this  fault  the  Concord  fault  and  showed  it  on  his  geologic  map 
of  the  area. 

Sharp  (1973)  discovered  evidence  of  creep  and  produced  a 
strip  map  showing  geomorphic  features  and  offset  cultural  fea- 
tures along  the  fault.  He  divided  the  fault  into  three  segments 
based  on  physiographic  differences  and  differences  in  the 
amount  of  observed  creep.  These  three  segments  were  named, 
from  north  to  south,  the  Avon,  Concord,  and  Ygnacio  segments, 
which  are  similar  to  the  northern,  central,  and  southern  seg- 
ments discussed  here. 

Current  Alquist-Priolo  Special  Studies  Zones  maps  include 
the  fault  as  mapped  by  Sharp  (1973)  and  additional  traces 
mapped  by  Sims  and  others  (1973)  and  Burkland  and  Associ- 
ates (1973a,  1973b)  (Figure  2).  The  portion  of  the  fault  mapped 
by  Sharp  (1973)  on  the  north  side  of  Suisun  Bay  was  evaluated 
by  Hart  (1976).  No  evidence  for  active  faulting  was  found  and 
that  portion  of  the  fault  was  subsequently  removed  from  the 
Special  Studies  Zones  map  (DMG,  1977). 

Galehouse  (1990,  1992)  has  documented  right-lateral  creep  at 
two  localities  on  the  central  segment  (Figure  3).  Creep  has  aver- 
aged about  3  mm/yr  since  1980,  but  occurs  episodically  with  7 
to  10  mm  of  slip  accumulating  in  a  few  months,  followed  by  3 
to  4  years  of  very  slight  creep. 

CONSULTANTS  STUDIES  AND  OTHER 
SITE  SPECIFIC  OBSERVATIONS 

Consulting  geologists'  studies  of  the  Concord  fault,  usually 
including  trenching,  have  helped  to  locate  the  Concord  fault  on 
many  individual  properties.  These  site-specific  studies  provide  a 
large  amount  of  data  that  can  be  used  to  verify  the  fault  location 
based  on  mapping  of  geomorphic  features,  creep,  and  ground- 
water barriers.  The  general  conclusions  of  these  studies  are 
discussed  below,  from  north  to  south. 


Northern  Segment 


Main  Trace 


Much  of  the  northern  segment  of  the  Concord  fault  is  con- 
cealed by  the  linear  channel  of  Walnut  Creek  and  the  marshes  at 
the  mouth  of  the  creek.  Sharp  (1973)  originally  mapped  it  based 
on  possible  creep  deformation  of  two  bridges  and  the  linear 
west  front  of  "Tank  Farm  Hill"  (Figure  2).  Few  consulting  geol- 


ogists have  studied  this  segment  because  of  the  lack  of  develop- 
ment in  the  area.  None  have  attempted  to  trench  across  the  main 
trace  because  of  the  difficulties  of  trenching  in  a  stream  channel 
and  in  marsh  deposits.  However,  geophysical  studies  and  corre- 
lation between  borings  have  been  successful  in  verifying  the 
fault  in  the  subsurface. 

Rogers/Pacific  (1988)  conducted  a  gravity  survey  and  inter- 
preted boring  logs  for  a  waste-disposal  site  west  of  the  Walnut 
Creek  channel.  Their  gravity  survey  showed  similar  anomalies 
in  the  gravity  gradient  at  Willow  Pass  Road,  where  the  fault  is 
well  defined  by  creep,  and  at  three  locations  to  the  north.  These 
anomalies,  located  beneath  the  channel  of  Walnut  and  Pacheco 
Creeks  along  the  west  side  of  "Tank  Farm  Hill",  are  consistent 
with  a  "near  vertical  contact  between  geologic  units  \vith  con- 
trasting densities"  (Rogers/Pacific,  1988)  and  suggest  a  fault. 

To  the  south,  Caltrans  (1979)  logged  a  series  of  borings  for 
the  construction  of  two  new  bridges  across  Walnut  Creek  at 
Imhoff  Drive  and  Highway  4  (Figure  2).  At  Imhoff  Drive,  they 
found  a  nearly  horizontal  bedrock-alluvium  contact  that  appears 
to  be  offset  about  30  feet,  down  to  the  west,  across  a  narrow 
zone,  suggesting  fault  displacement.  At  Highway  4,  one  boring 
encountered  "gray,  fracture  sandstone  in  dark  gray  matrix  of 
clay  gouge",  suggesting  that  it  was  drilled  into  a  fault  zone. 

Engeo  (1977)  measured  the  water  level  in  4  borings  on  both 
sides  of  the  Imhoff  Drive  bridge  and  found  the  water  table  to  be 
about  8  feet  higher  east  of  the  channel.  Engeo  proposed  that  the 
difference  in  elevation  is  a  result  of  a  groundwater  barrier  along 
the  Concord  fault. 

Eastern  Traces 

Eastern  traces  of  the  Concord  fault  have  been  mapped  by 
Sharp  (1973)  and  Sims  and  others  (1973)  (Figure  2).  Sharp's 
trace  in  the  Avon  area  was  based  solely  on  offset  cultural  fea- 
tures. Some  of  these  features  can  still  be  verified  and  suggest 
right-lateral  fault  creep,  but  no  detailed  mapping  or  trenching 
investigation  has  been  done  to  confirm  a  fault  in  the  subsurface. 
The  eastern  trace  of  Sims  and  others  (1973)  was  originally 
mapped  by  interpretation  of  aerial  photographs  (John  Sims, 
1991,  personal  communication),  but  we  cannot  verify  it  as  a 
geomorphic  feature.  The  only  trench  across  this  trace  (Kaldveer 
and  Associates,  1983)  showed  continuous,  horizontally  bedded 
clayey  alluvium  and  overlying  soil  for  600  feet  across  the  center 
of  the  Special  Studies  Zone.  Several  other  consultants'  trenches 
across  the  rest  of  the  zone  to  the  south  show  no  evidence  of 
faulting. 

Based  on  our  interpretation  of  aerial  photographs,  another 
possible  eastern  trace  of  the  fault  is  defined  by  a  side-hill  bench 
and  weak  tonal  lineaments  on  the  east  side  of  "Tank  Farm  Hill" 
("possible  east  trace"  on  Figure  2).  Two  fences  and  a  pipeline 
with  slight  right-lateral  deflections  across  this  feature  and  the 
general  alignment  with  Sharp's  east  trace  to  the  north  suggest 
this  may  be  an  active  fault.  Disrupted  bedding  in  older  alluvi- 
um, exposed  in  a  roadcut  at  Imhoff  Drive,  approximately  coin- 
cides with  this  "possible  east  trace." 
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Figure  2.  The  Concord  fault  as  shown  on  Alquist-Priolo 
Special  Studies  Zones  Maps  (CDMG,  1974,  1977).  Fault 
traces  are  from  Sharp  (1973)  unless  labeled  otherwise. 
Localities  where  recently  active  faults  have  been  located  in 
trenches  or  where  trenches  across  a  mapped  trace  have 
failed  to  verify  a  fault  shown  for  the  northern  and  southern 
segments.  See  figure  3  for  trench  data  on  central  segment. 
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i-igure  3.  Traces  of  the  Concord  fault  in  central  Concord  showing  Special  Studies  Zones,  creep  localities,  localities  where  the  fault 
has  been  located  in  trenches,  or  where  trenches  across  a  mapped  trace  have  failed  to  verify  a  fault,  and  geomorphic  evidence  for 
recently  active  fault  traces. 
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Central  Segment 

The  central  segment  of  the  Concord  fault  has  been  exten- 
1  sively  studied  because  it  passes  just  west  of  the  center  of 
I  downtown  Concord,  through  an  area  that  has  been  largely 
developed  or  redeveloped  since  the  passage  of  the  Alquist- 
Priolo  Act.  This  segment  is  well  defined  by  scarps  and 
tonal  lineaments  visible  on  aerial  photographs  and  by  fault 
1  creep  observed  in  the  field.  Consultants  have  excavated  and 
logged  numerous  trenches  across  the  main  fault  trace  and 
i  across  proposed  secondary  traces  (Figure  3). 

Trenching  studies  in  central  Concord  show  that  the  Con- 
icord  fault  forms  a  relatively  straight,  narrow  trace  from 
where  it  diverges  from  the  channel  of  Walnut  Creek,  to 
i  "'Keller  Lake"  (Figure  3).  Faults  located  in  trenches  coin- 
l  cide  with  geomorphic  expression  of  the  fault,  and  with  the 
creeping  trace.  The  groundwater  barrier  mapped  by  Poland 
i(1935)  also  closely  follows  the  trace  located  by  trenching, 
especially  where  there  were  more  water  wells.  Trench  ex- 
i  posures  commonly  show  several  fault  strands  in  a  zone  as 
1  much  as  40  feet  wide.  At  the  north  end  of  the  central  seg- 
ment, faults  located  by  trenching  are  as  much  as  200  feet 
least  of  the  trace  mapped  by  Sharp  (1973)  and  100  feet  west 
of  the  eastern  trace  shown  on  the  Special  Studies  Zones 
map  (DMG,  1974)(Figure  3).  Trenches  excavated  across 
secondary  traces  of  Sharp  (1973)  have  failed  to  verify  any 
faults. 

The  Concord  fault  steps  right  about  250  feet  across 

■  "Keller  Lake",  which  is  a  pull-apart  basin,  and  then  contin- 
)  ues  to  the  southeast.  Galindo  Creek  was  offset  right-lateral- 
|  ly  at  the  fault  before  it  was  channelized  by  the  U.S.  Army 

I  Corps  of  Engineers  (Figure  3).  Engeo  (1984)  observed  the 
.  fault  at  this  locality  in  the  excavation  for  the  new  concrete- 

■  lined  channel.  The  channel  is  now  cracked  at  the  fault 

,  crossing  and  sections  of  it  are  apparently  rotating  and  being 
offset  right-laterally  by  creep.  The  fault  also  is  creeping 
just  south  of  Galindo  Creek  where  curbs  on  both  sides  of 
Systron  Drive  and  the  center  median  are  right-laterally 
offset  and  left-stepping  cracks  are  developed  in  the  asphalt 
pavement  beneath  the  elevated  BART  tracks  (Figure  3). 

At  the  southeast  end  of  the  central  segment,  a  tonal  linea- 
'  ment  continues  southeasterly  along  the  overall  trend  of  the 

Concord  fault,  only  partly  coinciding  with  previously 
;  mapped  traces  (Figure  3).  This  tonal  lineament  suggests  a 
I  straight  continuation  of  the  fault.  In  addition,  J.  V.  Lowney 

and  Associates  (1977)  noted  a  13-foot  difference  in  the 
i  depth  to  groundwater  on  a  site  that  crosses  this  trend  (Fig- 
,  ure  3).  They  trenched  the  same  site,  crossing  the  groundwa- 
ter anomaly  and  the  tonal  lineament,  but  found  no  evidence 
for  faulting  in  horizontally  bedded  alluvium.  The  lack  of 
i  fault-  related  features  observed  in  the  trench  suggests  that 
the  fault  may  not  exist  at  this  location,  but  it  is  also  possi- 
ble that  the  alluvium  is  so  young  that  the  fault  is  not  devel- 
oped. 


Southern  Segment 

The  Concord  fault  was  projected  southeastward  from  the 
well-defined  central  segment  based  on  the  linear  western 
front  of  Lime  Ridge  (Sharp  1973)  (figure  2).  No  well-de- 
fined geomorphic  features,  groundwater  barrier,  or  creep 
evidence  has  been  noted  on  this  segment.  Trenches  also  are 
much  sparser  because  much  of  the  area  was  developed  be- 
fore passage  of  the  Alquist-Priolo  Act. 

Several  trenches  have  been  excavated  across  Sharp's  trace 
of  the  fault  at  the  boundary  of  the  central  and  southern  seg- 
ments and  south  of  Treat  Blvd.  (Figure  2).  These  trenches  all 
reportedly  show  unfaulted  alluvium,  suggesting  that  the  ac- 
tive trace  may  be  mislocated.  It  is  also  possible  that  the  allu- 
vium in  this  area  is  so  young  that  the  fault  is  not  well  ex- 
pressed in  trench  exposures. 

The  area  around  the  south  end  of  the  Concord  fault,  near 
North  Gate  Road  in  Walnut  Creek,  has  been  developed  into 
residential  tracts  since  passage  of  the  Alquist-Priolo  Act.  As 
a  result,  consultants  have  excavated  numerous  trenches  at- 
tempting to  locate  the  fault  (summarized  by  Engeo,  1989; 
Smith,  1992).  These  consultants  have  located  what  they  be- 
lieve to  be  the  main  trace  of  the  fault  and  established  build- 
ing setback  zones  around  it.  This  trace  closely  follows 
Sharp's  trace.  It  is  based  on  faults  in  bedrock  and  older  allu- 
vium, local  thickening  of  the  overlying  colluvium,  and  geo- 
physical anomalies.  However,  no  disruption  or  offset  of 
overlying  soil  horizons  or  other  clear  evidence  of  active 
faulting  has  been  reported. 

Studies  of  a  large  area  to  the  north  and  east  of  North  Gate 
Road  (summarized  by  Engeo,  1987)  found  that  abundant 
minor  faults  were  distributed  over  a  broad  area  in  the  Pan- 
oche  Formation  (Cretaceous)  and  some  were  associated  with 
thickened  colluvium.  These  faults  have  a  wide  variety  of 
orientations,  but  some  trend  northwesterly,  parallel  to  the 
Concord  fault  and  to  bedding.  The  existence  of  abundant 
bedrock  faults,  however,  suggests  that  displacement  on  the 
Concord  fault  may  be  distributive  at  its  southern  end. 

Additional  strands  of  the  fault,  west  of  the  trace  mapped  by 
Sharp,  are  suggested  by  a  trough,  tonal  lineaments  and  deflect- 
ed drainages  near  North  Gate  Road  (Figure  2).  To  the  north- 
west along  this  trend,  Burkland  and  Associates  (1973b)  found 
a  fault  in  alluvium  that  was  included  within  an  Alquist-Priolo 
Special  Studies  Zone  (DMG,  1974).  Harding  Lawson  Associ- 
ates (1990)  proposed  that  the  fault  could  extend  farther  north- 
west along  a  southwest-facing  scarp  (which  has  not  been 
trenched).  This  scarp,  the  fault  reported  by  Burkland  and  As- 
sociates, and  geomorphic  features  near  North  Gate  Road  sug- 
gest a  western  strand  of  the  fault  ("possible  west  traces"  on 
Figure  2).  Engeo  (1989)  reports  faults  in  bedrock  along  this 
trend  just  east  of  the  bend  in  North  Gate  Road  and  a  fault  in 
late  Pleistocene  alluvium  to  the  southeast  (which  also  coin- 
cides with  Sharp's  trace)  (Engeo,  1990). 
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DISCUSSION  AND  CONCLUSIONS 

Investigations  of  the  Concord  fault  have  resulted  in  the  fol- 
lowing conclusions:  1)  the  northern  segment  has  been  studied 
relatively  little  and  is  still  poorly  known;  2)  the  central  seg- 
ment has  been  studied  extensively  and  is  well  known;  3)  the 
southern  segment  has  been  studied  extensively  at  the  southern 
end,  but  is  still  poorly  known. 

The  main  trace  of  the  northern  segment  is  largely  concealed 
by  the  channel  of  Walnut  Creek  and  the  marshes  south  of 
Suisun  Bay.  There  are  no  short-lived  geomorphic  features  that 
can  be  used  to  locate  the  fault  precisely  and  show  its  activity. 
The  amount  of  development  and  the  surficial  geologic  materi- 
als also  limit  the  type  of  investigations  that  are  useful  for  lo- 
cating the  active  trace  of  the  fault.  Mapping  of  creep-related 
distress  is  suggestive,  but  not  conclusive  because  so  few  man- 
made  features  cross  the  main  trace  of  the  fault.  Those  features 
that  do  cross  the  fault  are  relatively  large  bridges  that  may 
deform  in  complex  ways.  Trenching  across  the  fault  is  not 
feasible  because  of  the  soft,  very  young  sediments  and  high 
ground  water.  What  is  known  about  the  northern  segment  is 
based  on  the  western  escarpment  of  "Tank  Farm  Hill",  equiv- 
ocal creep,  a  gravity  survey,  and  correlations  of  geologic  units 
between  borings.  Except  for  the  possible  creep,  none  of  these 
methods  give  a  precise  location  for  the  active  fault  but,  togeth- 
er, they  support  the  location  of  Sharp's  (1973)  inferred  fault. 

The  short  eastern  trace  mapped  by  Sharp  (1973)  at  Avon  is 
defined  by  several  right-laterally  offset  features  that  indicate 
fault  creep.  Some  of  the  features  mapped  by  Sharp  can  be 
verified,  as  well  as  several  other  right-laterally  deflected  fea- 
tures along  the  same  trend.  Although  any  of  these  features 
could  have  non-tectonic  causes,  their  alignment  and  similar 
amounts  of  deflection  indicate  faulting.  Additional  data  on 
surface  expression,  subsurface  geology,  or  groundwater  levels 
is  needed  to  verify  this  fault. 


The  eastern  trace  of  Sims  and  others  (1973)  is  not  defined  by 
geomorphic  features  or  creep,  and  has  not  been  located  in  the 
few  trenching  studies  conducted  at  its  south  end.  The  exist- 
ence of  this  inferred  fault  strand  is  doubtful. 

West  of  the  trace  mapped  by  Sims  and  others  (1973),  a  side- 
hill  bench  and  tonal  lineaments  suggest  a  possible  active 
strand  of  the  fault  along  the  east  flank  of  "Tank  Farm  Hill". 
These  geomorphic  features  are  not  diagnostic  of  Holocene 
faulting,  and  evidence  for  creep  is  equivocal,  but  the  inferred 
fault  generally  aligns  with  Sharp's  trace  to  the  north.  No 
trenching  investigation  to  verify  this  trace  has  been  done. 

The  central  segment  of  the  Concord  fault  represents  almost 
an  ideal  case  for  using  a  variety  of  types  of  mutually  support- 
ive evidence  to  locate  a  fault.  The  fault  is  clearly  expressed  " 
geomorphically  on  aerial  photographs.  It  forms  a  sharp 
groundwater  barrier  that  can  be  observed  as  surface  vegetation 
lineaments,  springs,  and  gradients  between  water  wells.  Clear 
evidence  of  creep  can  be  mapped  along  a  substantial  part  of  it. 
Finally,  trenches  across  the  zone  have  exposed  the  fault  in  the 
near-surface  materials.  Together  these  data  combine  to  locate 
the  surface  trace  of  the  fault  with  precision  and  demonstrate 
that  it  is  active. 

The  southern  segment  is  inferred  from  the  linear  front  of 
Lime  Ridge.  Few  short-lived  (Holocene)  geomorphic  features 
exist  to  identify  recently  active  strands,  and  no  creep  or 
groundwater  barrier  has  been  reported.  Extensive  trenching 
near  the  southern  end  of  the  segment  has  not  located  a  clearly 
active  strand.  There  are  several  possible  explanations:  1)  the 
southern  end  of  the  fault  may  not  be  active  at  the  surface;  2) 
displacement  at  the  surface  may  be  distributed  over  a  wide 
zone  of  faults  and  folds;  or  3)  it  may  be  buried  beneath  young 
alluvium  in  the  Ygnacio  Valley.  Any  of  these  situations  tend 
to  make  most  surface  fault  investigation  techniques  relatively 
ineffective.  Based  on  recent  seismicity,  however,  there  is  little 
doubt  that  faults  continue  to  the  south  in  the  subsurface  and 
connect  with  the  Calaveras  fault  through  a  complex  right 
stepover  (Ellsworth  and  others,  1982;  Oppenheimer  and 
Lindh,  1992). 
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The  Ygnacio  Segment  and 
the  Southern  Terminus  of  the  Concord  Fault 


by 
Gary  A.  Smith1 


ABSTRACT 

The  Concord  fault  was  first  identified  in  downtown  Concord,  California  on  the  basis  of  relatively 
clear  surface  features  and  ground-water  effects.  Southeast  of  Ygnacio  Valley  Road,  the  "Ygnacio 
segment"  of  the  Concord  fault,  is  tentatively  located  based  on  the  topographic  expression  of  the  front 
of  Lime  Ridge  and  on  microseismicity  along  the  suspected  trace.  Unlike  the  fault  segment  in  down- 
town Concord,  the  Ygnacio  segment  lacks  evidence  of  active  creep.  Recent  land  development  in  the 
North  Gate  Area  of  Walnut  Creek,  along  the  alignment  of  the  Ygnacio  segment,  has  necessitated 
trenching  exploration.  Geologic  mapping  of  the  area  permits  two  scenarios  for  the  southern  Concord 
fault  terminus:   (1 )  the  fault  continues  to  the  southeast  joining  with  the  concentric  Mt.  Diablo  ring 
fault,  or  (2)  the  fault  splays  southward  with  a  possible  connection  to  the  Calaveras  fault. 


INTRODUCTION 

The  Ygnacio  segment  as  mapped  is  at  the  transition  from  the 
steep  bedrock  terrain  of  the  northwest  slopes  of  Mt.  Diablo  to 
the  alluvial  plain  of  the  Walnut  Creek  area.  Along  the  western 
part  of  the  Special  Studies  Zone  (SSZ),  fractured  Cretaceous 
shales  of  the  Panoche  formation  are  overlain  by  shallow  resid- 
ual soils  and  deeper  colluvial  deposits.  In  the  eastern  part,  the 
nearly  flat-lying  area  is  underlain  by  colluvial  deposits  gener- 
ally less  than  20  feet  thick.  Beyond  the  Zone  to  the  west,  are 
the  deep  alluvial  sediments  of  Ygnacio  Valley. 

FAULT  FEATURES  IN  THE  NORTH  GATE 
AREA 

Initial  Studies 

The  first  field  study  was  done  in  the  northern  part  of  the 
North  Gate  area  in  1973,  before  the  establishment  of  the  SSZ. 
Bulldozer  cuts  in  a  borrow  pit  and  geophysical  surveys  uncov- 
ered what  was  identified  as  a  Holocene  fault,  trending  N37- 
40°  W  dipping  southwest.  This  has  a  more  westerly  alignment 
than  the  N20°  W  trend  of  the  Concord  fault  (Sharp,  1973). 


This  feature  is  shown  on  the  1974  SSZ  Map  as  a  short  fault, 
distinct  from  the  Concord  fault  alignment,  and  requiring  a 
local  widening  or  adjustment  of  the  SSZ  boundary. 

Photo  Lineaments 

Black-and-white  and  infrared  aerial  photographs  studied  in 
1973  showed  many  subparallel  linear  tonal  patterns  (linea- 
ments) trending  N40°  -  50°W,  which  were  distinct  from  the 
N20°W  Concord  fault  alignment  (Burkland,  1973).  Several 
other  authors  have  also  mapped  similar  features  as  lineaments 
and  faults  (Dibblee,  1980;  Hart,  1992;  Figure  1). 

Thickness  contours  of  older  colluvium  based  on  borings  and 
exploration  trenches  indicate  a  Pleistocene  drainage  pattern 
conspicuously  different  from  the  present  stream  pattern  (Figure 
1).  This  geomorphic  disparity  is  also  characterized  by  buried 
bedrock  outliers  and  patches  of  Pleistocene  terraces  having  only 
a  thin  cover  of  Holocene  soil.  The  trend  of  the  older  drainage  is 
subparallel  to  the  tonal  lineaments,  suggesting  that  the  old  drain- 
age channel  may  have  been  controlled  by  joints,  shear  zones, 
faults  or  bedding.  The  old  erosion  surface  was  possibly  affected 
by  the  low  base  level  during  Pleistocene  time. 


1ENGEO  Inc.,  2401  Crow  Canyon  Road,  Suite  200,  San  Ramon,  CA  94538. 
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EXPLANATION 

APPROXIMATE  FAULT  LOCATIONS 
PHOTO  LINEAMENT  ALIGNMENTS 
STREAM  CHANNEL 
ANCIENT  CHANNEL 
TRENCH 
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ALQUIST-PRI0L0   SPECIAL 
STUDIES   ZONE   BOUNDARY 


RECENT   SETBACK   ZONE 


SEE  FICVRE  2  FOR   TRENCH  L0CS 


Figure  1    Northgate  area  exploration  and  features. 
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Figure  2.  Simplified  logs  of  selected  trenches  (ENGEO,  Inc.,  1987) 
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Figure  3.   Possible  relationship  between  the  Concord  fault  and  the  Calaveras  fault  zone. 


1992 


PROCEEDINGS  OF  THE  SECOND  CONFERENCE 
ON  EARTHQUAKE  HAZARDS  IN  THE  EASTERN  SAN  FRANCISCO  BAY  AREA 


323 


Trenching 

Trench  explorations  from  1979  to  1990  disclosed  a  complex 
series  of  discontinuous  faults  and  shear  zones,  along  the  Ygna- 
cio  segment  alignment  but  the  orientation  of  the  bedrock  faults 
and  shear  zones  more  often  reflect  the  more  westerly  trend  of 
the  photo  lineaments.  Attempts  were  made  to  project  the 
trends  of  shears  disclosed  in  the  trenches  to  other  trenches,  or 
to  intercept  the  features  with  new  trenches.  However,  in  no 
case  was  a  throughgoing  feature  confirmed.  Further,  none  of 
the  bedrock  shears  along  the  projected  Concord  fault  align- 
ment displaces  soil  overlying  the  rock  (Figure  2),  uninterrupt- 
ed colluvial  soil  at  one  location  was  dated  by  radio-carbon 
methods  as  greater  than  28,000  years,  indicating  that  the  faults 
are  not  active. 

In  spite  of  this,  a  building  setback  zone  has  been  established 
by  many  investigators  (see  references)  within  the  SSZ  in  the 
North  Gate  area.  There  is  conflicting  evidence  and  opinion 
regarding  fault  activity  in  the  North  Gate  vicinity.  The  Califor- 
nia Division  of  Mines  and  Geology  is  currently  reviewing  this 
segment  and  possible  changes  to  the  SSZ  are  likely. 

REGIONAL  SIGNIFICANCE 

Activity  along  the  Concord  fault  diminishes  near  the  south- 
ern terminus  where  fault  splays  may  be  characterized  as  a 
series  of  discontinuous  faults  and  shear  zones.  The  Concord 
fault  has  been  mapped  by  some  (Dibblee,  1980)  as  connecting 
directly  to  the  thrust  fault  system  ringing  Mt.  Diablo. 


There  is  some  evidence  consistent  with  a  connection  of  the 
Concord  fault  to  the  Calaveras  fault  zone  to  the  southwest. 
Activity  on  the  Calaveras  fault  zone  appears  to  diminish  north 
of  San  Ramon.  The  northern  end  of  the  Calaveras  fault,  like 
the  south  end  of  the  Concord  fault  consists  of  a  series  of  less 
active  and  splaying  faults  (Simpson  and  others,  1992).  There 
may  be  a  transform  relationship  between  the  two  major  faults 
where  right  lateral  movement  on  the  northwest  trending  Cala- 
veras fault  is  transferred  in  a  step  over  to  the  Concord  fault. 
The  possible  transfer  zone  between  the  two  fault  systems  is 
marked  by  north-south  trending,  mostly  left  lateral,  faults  of 
uncertain  age,  by  northeast-trending  microseismicity  of  the 
Alamo  Swarm  of  1990,  and  the  northeast-  (and  northwest-) 
trending  microseismicity  of  the  Danville  Earthquake  Swarm 
of  1970  (Figure  3).  This  is  consistent  with  a  rhombic-shaped 
step-over  zone  between  the  faults  where  a  transfer  of  energy 
and  shift  in  direction  of  movement  may  occur.  The  terrain  of 
the  area  between  the  faults  does  not  reflect  the  characteristic 
alluvial  basin  of  a  classic  pull-apart  zone;  however,  the  orien- 
tation of  the  mapped  faults  and  seismicity  is  partly  consistent 
with  clockwise  rotation  of  rhombic-shaped  blocks  within  this 
zone  (Figure  3). 

ACKNOWLEDGEMENTS 

Critical  reviews  of  this  paper  by  William  B.  Wigginton  and 
Phillip  R.  Patten  are  greatly  appreciated. 


REFERENCES 


Bay  Soils,  1979,  Geologic  and  soils  report,  Higher  Heights  School 
Complex,  North  Gate  Road,  Walnut  Creek,  California: 
Unpublished  geotechnical  report  for  Isakson  and  Associates, 
dated  September  12,  1979  (Project  No.  253-G)  (CDMG 
AP-1840). 

Berlogar  Long  and  Associates,  1981,  Geotechnical  review  for 
proposed  Rancho  Paraiso  Development,  Walnut  Creek, 
California,  Unpublished  report  (CDMG  AP-1840). 

Burkland  and  Associates,  1973,  Geologic  and  seismic  hazard 
investigation,  Walnut  Green  Subdivision,  Walnut  Creek, 
California:  Unpublished  geotechnical  report  for  Donald  L  Bren 
Company,  May  21,  9173,  (File  No.  K3-0055-M3),  24  p.  (CDMG 
AP-2083). 

California  Division  of  Mines  and  Geology,  1974,  Special  study  zone 
maps:  Clayton  quadrangle,  Walnut  Creek  quadrangle. 

Darwin  Myers  and  Associates,  1985;  Fault  hazard  investigation, 
MS  54-85,  Supplement,  December  20,  1985:  Unpublished  report 
(CDMG  AP-1840). 

Dibblee,  T.W.  Jr.,  1980,  Preliminary  geologic  map,  Clayton 

quadrangle,  U.  S.  Geological  Survey  Open-File  Report  80-547. 

ENGEO  Inc.,  1987,  Seismic  hazard  study,  Rancho  Paraiso,  Walnut 
Creek,  California.  (CDMG  AP-2074) 


ENGEO  Inc.,  1989,  Seismic  hazard  study  for  North  Gate  Road, 

Walnut  Creek,  California. 
Geosoils,  1986,  Fault  evaluation,  Rancho  Paraiso,  City  of  Walnut 

Creek,  California,  Job  1311-OC.  (CDMG  AP-2074) 
Harding  Lawson  and  Associates,  1984,  Geotechnical  investigation, 

Rancho  Paraiso,  Walnut  Creek,  California,  Job  13,143,004.03. 

(DMG  AP-2074) 

Hart,  E.W.,  1992,  Fault-rupture  hazard  zones  (revised):  California 
Department  of  Conservation,  Division  of  Mines  and  Geology 
Special  Publication  42,  26  p. 

Lee,  W.  K.  H,  and  others,  1971,  The  earthquake  sequence  near 
Danville,  California,  1970:  Bulletin  of  the  Seismological  Society  of 
America,  v.  61,  p.  1771-1794. 

Poland,  J.F.,  1935,  Ground-water  conditions  in  Ygnacio  Valley, 
California:  M.S.  thesis,  Stanford  University,  Stanford,  California, 
83  p. 

Sharp,  R.V.,  1973,  Recent  tectonic  movement,  Concord  fault, 
U.S.  Geological  Survey  Map  MF  505. 

Simpson,  G.D.,  Lettis,  W.R.,  and  Kelson,  K.I.,  1992,  Segmentation 
model  for  the  northern  Calaveras  fault,  Calaveras  Reservoir  to 
Walnut  Creek,  this  volume,  p.  253. 

Terrasearch,  1987,  Geologic/seismic  investigation  on  19-acre 
parcel,  North  Gate  Road,  Contra  Costa  County,  California,  Job 
1009-82.  36p.  (CDMG  AP-2327) 


Wills,  C.J.,  1992,  The  elusive  Antioch  fault,  in  Borchardt,  Glenn,  and  others,  eds.,  Proceedings  of  the 
Second  Conference  on  Earthquake  Hazards  in  the  Eastern  San  Francisco  Bay  Area:  California 
Department  of  Conservation,  Division  of  Mines  and  Geology  Special  Publication  1 13,  p.  325-331 . 


The  Elusive  Antioch  Fault 


By 
Christopher  J.  Wills1 


ABSTRACT 

The  Antioch  fault  was  initially  mapped  by  Burke  and  Helley  (1973)  as  a  creep  active  fault.  Based  solely  on 
their  work,  the  fault  was  included  within  an  Alquist-Priolo  Special  Studies  Zone  in  1976.  Since  that  time  it 
has  been  studied  in  numerous  site-specific  trenching  investigations,  but  no  convincing  evidence  for  Holo- 
cene  offset  has  been  found.  The  continuing  inability  of  geologists  to  find  evidence  for  Holocene  offset  on 
the  Antioch  fault  suggests  that  the  fault  may  not  be  "sufficiently  active  and  well  defined"  for  zoning  under  the 
Alquist-Priolo  Act. 

This  study  reexamined  previously  identified  evidence  for  creep,  reviewed  previous  trenching  investiga- 
tions, analyzed  aerial  photographs,  and  excavated  a  trench  across  a  proposed  fault  trace.  Of  29  sites 
where  Burke  and  Helley  proposed  evidence  for  creep,  only  eleven  appear  to  document  right-lateral  offset. 
Of  these,  six  are  along  a  slough  containing  very  soft  marsh  sediment  and  fill  that  are  prone  to  settlement. 
The  remaining  five  sites  have  small,  isolated,  right-lateral  offsets  of  curbs,  sidewalks,  or  planters,  but  lack 
systematic  right-lateral  offsets  of  successive  curbs  or  associated  left-stepping  cracks  in  pavement. 

Along  the  mapped  trace  of  the  Antioch  fault,  there  is  no  geomorphic  or  subsurface  evidence  for  faulting  of 
a  late  Pleistocene  alluvial  plain.  To  the  south,  faults  in  bedrock  are  well  documented,  but  minor.  Trench 
exposures  from  previous  investigations  show  steps  in  the  bedrock-soil  contact  and  soil  along  bedrock  faults 
but  no  features  that  clearly  indicate  Holocene  faulting.  Locally,  the  fault  forms  a  ridge  of  carbonate-cement- 
ed fault  breccia  that  is  more  resistant  to  erosion  than  the  surrounding  bedrock,  a  feature  that  seems  to  be 
inconsistent  with  active  faulting. 

Although  a  north-trending  zone  of  seismicity  exists  west  of  Antioch,  it  is  not  at  the  same  orientation  or 
location  as  the  mapped  Antioch  fault.  There  is  no  evidence  that  an  active,  surface  fault  exists  in  Antioch. 


INTRODUCTION 

Identification  of  the  Ajitioch  fault  as  a  creeping  fault  (Burke 
and  Helley,  1973)  was  the  principal  reason  for  establishing 
Alquist-Priolo  Special  Studies  Zones  around  it  (CDMG, 
1976).  The  SSZ  maps  show  the  trace  of  the  Antioch  fault  as 
mapped  by  Burke  and  Helley,  except  that  their  "zone  of  anom- 
alous features"  was  simplified  to  a  line  drawn  down  the  center 
of  the  zone.  Recently,  the  Antioch  fault  has  been  evaluated  to 
determine  if  it  is  "sufficiently  active  and  well-defined"  for 
zoning  under  the  Alquist-Priolo  Special  Studies  Zones  Act 
(Hart,  1992).  A  Fault  Evaluation  Report  (Wills,  1991)  review- 
ing evidence  for  aseismic  slip,  geomorphic  expression,  con- 
sultants' studies,  and  seismicity  is  summarized  here. 


GEOLOGIC  SETTING 

The  Antioch  area  is  located  on  the  eastern  margin  of  the 
Coast  Ranges  adjacent  to  the  Sacramento-San  Joaquin  delta. 
The  older  parts  of  Antioch  are  built  on  an  alluvial  plain 
mapped  as  "older  sediments"  (Burke  and  Helley,  1973)  or 
"older  alluvium,"  (Atwater,  1982).  This  alluvium  is  late  Pleis- 
tocene in  age  or  older  because  it  is  overlain  by  latest  Pleisto- 
cene deposits  east  of  Antioch  (Atwater,  1982)  and  because 
soils  on  it  are  too  well  developed  to  be  of  Holocene  age 
(Wills,  1991).  To  the  south,  north  and  northwest-trending 
faults  cut  a  homoclinal  sequence  of  Eocene  through  Plio- 
Pleistocene  bedrock  (Brabb  and  others,  1971). 
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Figure  1   Map  of  the  Antioch  and  Davis  faults  modified  from  Burke  and  Helley  (1973)  showing  geomorphic 
features  and  locations  of  bedrock  faults  verified  by  trenching. 
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North-  to  northwest-trending  faults  in  the  Antioch  area  show 
right-lateral  separation  of  north-dipping  sedimentary  units, 
consistent  with  normal,  down-to-the-east  or  right-lateral  off- 
set. One  of  these,  the  Davis  fault,  has  1 300  meters  of  right- 
lateral  separation  of  Eocene  strata  (Brabb  and  others,  1971). 
Trenching  of  the  Davis  fault  by  the  California  Department  of 
Water  Resources  (CDVVR,  1978)  has  verified  the  Davis  fault 
in  bedrock  and  Pleistocene  alluvium. 

Burke  and  Helley  (1973)  first  mapped  the  Antioch  fault  as  a 
single,  straight,  fault  branching  from  the  Davis  fault  and  trend- 
ing N30°W  through  Tertiary  sedimentary  rocks  and  across  the 
alluvial  plain  to  the  San  Joaquin  River  (Figure  1).  They  pro- 
posed that  a  "zone  of  anomalous  features"  including  offset 

I  curbs,  sidewalks  and  other  man-made  features  was  caused  by 
fault  creep,  possibly  triggered  by  a  series  of  small  earthquakes 
in  1965.  Although  Burke  and  Helley  did  not  formally  name 
this  fault,  it  quickly  became  known  as  the  Antioch  fault  by 
geologists  working  in  the  area  (Burkland  and  Associates, 

!:  1975;  Hart,  1992  and  earlier  editions  to  1975;  CDWR,  1978). 

If  the  offset  on  the  Antioch  fault  is  purely  right-lateral,  as 
suggested  by  Burke  and  Helley  (1973),  total  offset  can  be 
measured  and  an  average  slip-rate  estimated.  Separation  of 
Miocene  beds  is  about  300  m  (Burke  and  Helley,  1973),  giv- 
ing an  apparent  slip-rate  of  0.03  mm/yr  over  the  last  10  mil- 
lion years.  It  is  unlikely  that  the  fault  had  a  constant  slip  over 
i  such  a  long  period,  but  there  are  few  clues  as  to  when  faulting 
occurred. 

GEOMORPHIC  EXPRESSION 

Geomorphic  evidence  for  faulting  along  the  mapped  trace  of 
the  Antioch  fault  was  interpreted  on  aerial  photographs  and 
checked  in  the  field.  Aerial  photographs  of  about  1 :20,000 
scale,  taken  by  the  USDA  in  1939  and  1950,  were  used  for  the 
entire  area. 

The  north  end  of  the  "zone  of  anomalous  features"  mapped 
by  Burke  and  Helley  (1973),  follows  a  low-lying  area  on  the 
west  side  of  downtown  Antioch.  This  low  area  is  a  slough, 
now  largely  filled,  that  meanders  northerly  between  H  and  K 
>  Streets.  There  does  not  seem  to  be  any  difference  between  the 
;  northwest-trending  parts  of  the  slough,  which  could  be  con- 
trolled by  the  proposed  fault,  and  parts  that  trend  north  or 
northeast,  which  could  not. 

Southeast  of  the  slough  the  "zone  of  anomalous  features" 
crosses  the  alluvial  plain  upon  which  much  of  Antioch  is  built. 
,  Typically,  an  active,  right-lateral  fault  would  form  linear 
scarps  or  troughs,  right-laterally  deflected  drainages,  and 
small  pressure  ridges  or  sag  ponds  on  an  alluvial  plain.  None 
of  these  geomorphic  features  were  observed  either  on  aerial 
photographs  or  in  the  field.  The  lack  of  geomorphic  expres- 
sion of  faulting  on  this  late  Pleistocene  alluvial  plain  suggests 
that  little  or  no  late  Quaternary  faulting  has  occurred. 


South  of  the  Antioch  alluvial  plain,  the  trace  of  the  Antioch 
fault  passes  into  an  area  of  low,  rolling  hills  underlain  by  rela- 
tively resistant  bedrock  and  broad  valleys  underlain  by  less 
resistant  bedrock.  The  projected  trace  of  the  Antioch  fault  in 
the  northernmost  hills  lacks  geomorphic  features  suggestive  of 
late  Quaternary  faulting.  Within  the  hills  to  the  south,  a  rough- 
ly linear  southwest-facing  hill  front  and  swale  are  aligned  with 
the  mapped  trace  of  the  fault  for  about  400  m  (Figure  1). 
These  features  are  not  linear  in  detail;  the  hill  front  is  marked 
by  several  projections  and  reentrants,  and  the  swale  is  some- 
what sinuous.  None  of  these  features  are  as  sharp  as  those 
typically  found  along  active  faults,  and  all  could  have  been 
formed  by  differential  erosion  across  a  bedrock  fault. 

The  most  distinctive  geomorphic  feature  along  the  Antioch 
fault  is  a  resistant  ridge  of  fault  breccia  cemented  by  second- 
ary carbonate.  Locally,  this  breccia  projected  several  feet 
above  the  crests  of  several  small  hills  before  the  area  was 
graded  (Figure  1).  This  fault  breccia  must  be  more  resistant  to 
erosion  than  the  surrounding  bedrock  to  have  formed  a  linear 
ridge.  This  resistance  to  erosion  seems  inconsistent  with  re- 
cent faulting,  which  would  fragment  the  carbonate,  and  make 
it  more  susceptible  to  dissolution  and  erosion. 

No  geomorphic  suggestion  of  faulting  was  found  along  the 
mapped  Antioch  fault  between  Lone  Tree  Way  and  the  Davis 
fault  of  Brabb  and  others  (1971)  (Figure  1).  Fault-line  features 
such  as  truncated  ridges,  scarps  in  bedrock,  and  saddles  are 
found  along  the  Davis  fault,  but  geomorphic  features  that  sug- 
gest Holocene  displacement  are  not. 

In  summary,  geomorphic  evidence  for  recently  active  (Holo- 
cene) faulting  has  not  been  identified  along  the  mapped  trace 
of  the  Antioch  fault.  Several  features  that  mark  the  trace  of  the 
Antioch  fault  in  bedrock,  including  the  ridge  of  cemented  fault 
breccia,  are  probably  fault-line  features  formed  by  erosion 
along  a  bedrock  fault.  The  Davis  fault  is  generally  defined  by 
fault-line  features  formed  by  erosion  along  a  bedrock  fault. 

EVIDENCE  FOR  CREEP 

Burke  and  Helley  (1973)  describe  a  broad  "zone  of  anoma- 
lous features"  across  the  alluvial  plain  that  they  ascribed  to 
creep  (Figure  1).  Of  29  sites  listed  by  Burke  and  Helley 
(1973),  seven  provide  no  evidence  of  ground  deformation  of 
any  kind.  These  sites  have  descriptions  such  as  "Dirt  road  with 
no  walks  or  curbs"  or  "No  obvious  distortion  of  railroad 
tracks,  although  much  of  the  original  siding  has  been  re- 
moved". These  seven  sites  show  where  Burke  and  Helley 
looked  carefully  for  evidence  of  faulting,  but  were  unable  to 
find  any.  Eleven  sites  provide  evidence  of  some  type  of 
ground  deformation,  but  not  right-lateral  offset.  Features  at 
these  sites  are  not  diagnostic  of  any  type  of  ground  movement 
and  most  could  have  been  caused  by  tree  roots,  soils  expan- 
sion or  settlement.  Eleven  other  sites  record  right-lateral  off- 
sets of  curbs,  walkways,  or  other  man-made  features.  Of  these 


328 


DIVISION  OF  MINES  AND  GEOLOGY 


SP11 


'soil: dark   brown 
expansive  sandy 
clay' 


TRENCH    2 

(CONT.) 

'highly  shaarad  clay 
4  "or   bedrock   material' 


(Portion  of  log  by  Burkland 
and   Associates.  1975) 


'brown  sand  &/or    n3o°w 
silt  with  caliche'    vertical 


N30°W  '  HIGHLY 

VERTICAL  FRACTURED 


FAULT     N30-40°w 
60  -  90°  NW 


ANTIOCH    FAULT     ZONE 


I25 


scale  in  feet 


PARALLEL  TRENCH  (log  of  south  wall  reversed 
for  comparison  with  log  of  trench  2  above) 


Ap  (disturbed  horizon]. 


xxxxxxxxxxxxx 


— *~a  H — S — x — x — « — x     x    B"  fPiocky  structure)      frrrTrfrt^    *      x     *     *      "      "-—i—*      x  x       X^ 


;:;.\^e>v 


QTtm 


9  10  11 

scale  in  meters 


13 


15 


16 


18 


19 


Figure  2.  Logs  of  two  parallel  trenches  across  a  suspected  trace  of 
the  Antioch  fault  on  the  Antioch  alluvial  plain.  Burkland  and 
Associates  (1975)  (top)  identified  faults  to  the  ground  surface  in  their 
trench  2.  A  trench  for  this  study  (bottom),  five  to  ten  feet  north  of 
trench  2,  showed  that  a  thick,  well-developed  soil,  and  bedrock  of 
the  Tehama  Formation  are  continuous  across  the  site  of  the 
supposed  fault. 


sites,  six  (1,2,4,7,8,  and  9)  are  within  or  along  the  margin  of 
an  old  slough  (shown  on  Figure  1)  that  contains  very  soft  sedi- 
ment that  is  prone  to  settlement.  The  remaining  five  sites 
(16,17,19,24,  and  27)  record  small,  isolated,  right-lateral  dislo- 
cations of  curbs,  sidewalks,  or  planters  (all  on  the  alluvial 
plain,  Figure  1).  No  consistent  cracks  in  successive  curbs, 
linear  zones  of  cracks,  or  en  echelon  cracks  in  pavement  were 
found.  None  of  the  small  offsets  that  could  be  relocated  has 
increased  significantly  in  the  18  years  since  it  was  first  noted. 

The  lack  of  field  evidence  for  creep  is  corroborated  by  a  lack 
of  evidence  for  creep  in  repeated  surveys  by  Galehouse  (this 
volume).  At  one  site  adjacent  to  site  26  of  Burke  and  Helley, 
no  movement  has  been  detected  in  more  than  10  years  of 
monitoring.  At  another  site  in  the  bedrock  hills  near  Lone  Tree 
Way,  very  slight  right-lateral  slip  is  possible,  but  the  amount 
of  movement  is  within  the  possible  errors  caused  by  soil  ex- 
pansion and  downslope  creep.  Galehouse  (1990)  concludes 
that  there  has  been  "not  much,  if  any,  net  slip"  on  the  Antioch 
fault  at  the  two  monitoring  sites. 
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SITE-SPECIFIC  FAULT  STUDIES 

Numerous  site-specific  studies  of  parcels  along  the  Antioch 
fault  have  been  conducted  in  compliance  with  the  Alquist- 
Priolo  Act.  Many  of  these  sites  have  been  reexamined  in  the 
field  for  this  study,  and  one  trench  was  excavated  and  logged 
to  reevaluate  an  earlier  study.  Based  on  these  studies,  there  is 
no  evidence  for  Holocene  displacement  on  the  Antioch  fault. 
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Slough  Area 

;    Site  specific  reports  near  the  northeast  end  of  the  Antioch 
fault  document  the  presence  of  soft  sediment  and  artificial  fill 
in  the  old  slough;  none  have  reported  any  fault-related  fea- 
tures. Boring  logs  in  several  reports  show  that  the  soft  fill  and 
marsh  deposits  in  the  slough  are  up  to  40  feet  thick  (Harding 
Lawson  Associates,  1986)  and  that  the  deposits  are  soft  and 
prone  to  settlement.  At  one  site  near  the  center  of  the  slough, 
Diablo  Soils  Engineers  (1980)  drilled  through  12  feet  of  fill, 
and  then  the  drill  stem  sank  under  its  own  weight  for  another 
12  feet  through  bay  mud  and  peat.  It  is  not  surprising  that 
streets,  curbs,  and  sidewalks  constructed  on  this  material  have 
cracks,  offsets  and  other  anomalous  features. 

Alluvial  Plain 

Trenches  on  the  Antioch  alluvial  plain  show  that  horizontal- 
ly bedded  older  alluvium,  generally  with  well-developed  soils 
and  a  "hardpan"  or  caliche  layer  underlie  the  area.  Woodward- 
pyde  Consultants  (1975)  found  no  evidence  for  faulting  in  a 
trench  at  John  C.  Fremont  School  (Figure  l)(Site  18  of  Burke 
and  Helley).  They  concluded  that  damage  to  a  building  was 
probably  due  to  expansive  soils  rather  than  faulting.  Trenches 
by  Kaldveer  Associates  (1989)  at  the  Antioch  Junior  High 
School,  immediately  to  the  south,  were  more  than  600  feet 
long  and  crossed  the  center  of  the  Alquist-Priolo  zone  and 
Burke  and  Helley's  "zone  of  anomalous  features."  They 
found  continuous,  horizontally  bedded  Pleistocene  alluvium. 
These  trenches,  with  the  lack  of  geomorphic  expression,  sug- 
gest that  the  inferred  Antioch  fault  does  not  offset  the  Antioch 
alluvial  plain. 

Burkland  and  Associates  (1975)  is  the  only  trench  investiga- 
tion to  show  evidence  for  faulting  of  the  alluvial  plain  depos- 
its. They  mapped  offset  curbs  and  walls  that  could  be  evidence 
for  creep,  and  reported  faults  in  trenches  at  two  sites  (Figure 
1).  Trench  logs  show  faults  through  the  "dark  brown  to  brown 
residual  soil"  and  the  "highly  expansive"  upper  topsoil  layer 
to  the  surface.  The  log  of  the  southern  of  these  two  trenches  is 
shown  in  figure  2.  Because  the  features  described  by  Burkland 
and  Associates  imply  active  faulting,  and  are  the  only  reported 
faults  in  the  alluvium,  we  field  checked  the  reported  evidence 
for  creep  and  arranged  for  a  trench  to  be  excavated  adjacent  to 
the  southern  of  Burkland  and  Associates'  trenches. 

The  features  cited  as  evidence  for  creep  by  Burkland  and 
Associates  (1975)  were  mostly  verified,  but  are  not  convinc- 
ing evidence  for  creep.  Typically,  cracks  in  retaining  walls  had 
more  displacement  near  the  top  of  the  wall  than  near  the  base 
and  did  not  have  systematic  right-lateral  or  left-lateral  dis- 
placements. Cracks  in  curbs  at  three  street  corners  could  not 
be  traced  into  adjacent  walkways  or  pavement.  Curbs  across 
the  streets  from  the  damaged  curbs,  on  the  projection  of  the 
fault  trace,  were  not  offset. 

Our  trench  was  parallel  and  about  5  to  10  feet  north  of  Burk- 
land and  Associates  (1975)  trench  2,  on  the  projection  of  the 


reported  fault.  The  deposits  exposed  in  the  trench  consisted  of 
late  Pleistocene  alluvium  and  Plio-Pleistocene  Tehama  For- 
mation (see  lower  trench  log,  Figure  2).  Despite  careful  log- 
ging and  examination  of  the  trench  by  numerous  geologists, 
no  faults  or  fault-related  features  were  identified. 

A  soil  profile  about  1.5  m  thick  is  developed  on  the  silty 
clay  alluvium  and  the  stratified  bedrock  at  the  site.  The  thick- 
ness of  the  soil  profile,  presence  of  prismatic  structure  with 
clay  films  on  ped  faces  and  the  presence  of  a  Bk  (pedogenic 
carbonate)  horizon  indicate  that  this  soil  is  well  developed  and 
therefore  that  the  geomorphic  surface  has  been  stable  for  a 
substantial  time.  Glenn  Borchardt,  CDMG  soil  scientist,  con- 
sidered this  well-developed  soil  to  be  of  late  Pleistocene  age. 
There  is  no  evidence  that  the  Plio-Pleistocene  Tehama  Forma- 
tion bedrock,  or  the  overlying  late  Pleistocene  alluvium  and 
soil  are  offset. 

Bedrock  Hills 

Geologic  studies  of  the  Antioch  fault  for  housing  develop- 
ments in  the  hills  have  found  a  narrow  zone  of  faults  in  bed- 
rock between  Roosevelt  Lane  and  Lone  Tree  Way.  This  zone 
of  faults  coincides  with  the  fault  mapped  by  Burke  and  Helley 
(1973),  including  that  portion  with  "calcite-cemented  fault 
breccia".  Some  studies  note  the  presence  of  thicker  soil  on  one 
side  of  the  fault,  steps  in  the  bedrock-soil  contact,  and  features 
that  resemble  soil-filled  fissures  along  these  bedrock  faults. 
Some  studies  (Berlogar,  Long  and  Associates,  1979;  Ter- 
rasearch,  1988)  interpret  steps  or  offsets  in  the  contact  be- 
tween bedrock  and  the  overlying  alluvium  or  soil  to  be  evi- 
dence for  recent  offset.  Berlogar,  Long  and  Associates  (1979) 
concluded  that  differences  in  the  thickness  of  soil  and  the 
presence  of  narrow  zones  of  soil  along  faults  and  shears  repre- 
sent "disturbance  of  the  surface  soil"  that  "suggests  recent 
offset". 

The  California  Department  of  Water  Resources  (1978)  exca- 
vated several  trenches  on  the  same  property  later  studied  by 
Berlogar,  Long  and  Associates  (1979)  and  report  similar  fea- 
tures. However  CDWR  noted  that  thicker  soil  formed  on  silt- 
stone  or  silty  sandstone  than  on  sandstone,  leading  to  a  soil 
step  that  is  unrelated  to  post-soil  development  faulting.  They 
were  unable  to  determine  if  the  soil  was  offset  because  of 
extensive  burrowing  along  the  fault  zone.  CDWR  interpreted 
these  soils  to  be  about  50,000  to  70,000  years  old. 

Burrowing  within  the  fault  zone  and  along  individual  faults 
has  been  observed  in  several  trenches  along  the  Antioch  fault. 
Trench  logs  by  CDWR  (1978)  and  Berlogar,  Long  and  Asso- 
ciates (1979),  show  blocks  or  remnants  of  bedrock  surrounded 
by  soil,  suggesting  extensive  burrowing.  Other  trench  logs  by 
Terrasearch  (1988)  and  Burkland  and  Associates  (1974)  show 
narrow  zones  of  "topsoil"  along  bedrock  faults,  resembling 
soil-filled  fissures.  Terrasearch  (1988)  shows  burrows  adja- 
cent to  several  faults  that  have  these  "topsoil  spikes"  along 
them.  The  close  association  of  burrows  and  these  "topsoil 
spikes"  suggests  that  narrow  zones  of  topsoil  along  bedrock 
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faults  could  be  coalesced  burrows  in  a  zone  where  burrowing 
animals  found  the  excavation  to  be  easier.  Alternatively,  some 
of  these  "spikes"  or  soil  zones  may  be  due  to  differential  soil 
development  along  bedrock  faults  or  shears.  It  is  also  possible 
that  some  of  these  are  soil-filled  fissures  formed  by  faulting  or 
down-slope  movement.  The  interpretation  that  these  are  relat- 
ed to  active  faulting  appears  unlikely,  however,  due  to  the 
absence  of  other  features  potentially  related  to  recent  displace- 
ment along  the  Antioch  fault. 

The  most  convincing  evidence  for  late  Quaternary  activity 
was  observed  near  the  north  end  of  this  zone  of  bedrock  faults, 
but  not  on  the  mapped  Antioch  fault.  Kneupfer  (1977)  and 
Earth  Science  Associates  (1982)  describe  two  north-trending 
normal  faults  that  bound  a  broad,  shallow  graben  in  the  Teha- 
ma Formation  with  younger  deposits  down-faulted  or  infilling 
the  center  (Figure  1).  Faulting  of  the  younger  deposits,  de- 
scribed as  "dark  grey,  sandy  organic  soil  and  colluvium" 
(Earth  Science  Associates,  1982)  suggests  late  Quaternary 
faulting,  but  lack  of  surface  expression  of  the  faults  suggests 
the  offset  did  not  occur  during  Holocene  time.  The  relation- 
ship of  these  faults  to  the  Antioch  fault  is  also  unclear  because 
they  trend  northerly  and  lie  about  300  feet  northeast  of  the 
mapped  Antioch  fault. 

Trenching  investigations  did  not  verify  Burke  and  Helley's 
mapped  fault  trace  between  Lone  Tree  Way  and  the  Davis 
fault  despite  several  trenches  that  extended  for  hundreds  of 
feet  across  the  inferred  fault  trace  (Purcell  Rhoades  and  Asso- 
ciates, 1982,  Soils  Foundation  Systems,  1988,  1989).  Soils 
Foundations  Systems  (1988)  did,  however,  identify  a  minor 
bedrock  fault  in  three  trenches  east  of  the  mapped  Antioch 
fault  (Figure  1).  This  fault  trends  about  N10°W,  diverging 
from  the  Antioch  fault. 

SEISMICITY 

Antioch  is  located  within  a  belt  of  seismicity  along  the  west 
side  of  the  San  Joaquin  and  Sacramento  Valleys.  Wong  and 
others  (1988)  show  that  a  zone  of  right-lateral,  oblique,  and 
reverse  or  thrust  earthquakes  passes  about  4  miles  west  of 
Antioch.  This  zone  of  earthquakes  trends  about  N10°W,  con- 


siderably different  from  the  N30°W  Antioch  fault.  These 
earthquakes  are  unusually  deep,  with  the  majority  occurring 
below  20  km.  The  largest  instrumentally  recorded  earthquake, 
near  Antioch,  a  magnitude  4.9  event  in  1965  (McEvilly  and 
Casaday,  1967),  also  was  a  relatively  deep,  right-lateral  event. 
None  of  the  seismicity  of  the  Antioch  area  can  be  clearly  relat 
ed  to  the  mapped  Antioch  fault. 

CONCLUSIONS 

The  Antioch  fault  was  initially  mapped  and  thought  to  be 
active  based  on  the  evidence  for  creep  assembled  by  Burke 
and  Helley  (1973).  Based  on  reexamination  of  the  evidence 
for  creep,  most  of  the  features  noted  by  Burke  and  Helley  can 
be  explained  by  differential  settlement  of  marsh  deposits  and 
fill  in  a  slough,  expansive  soils,  and  random  cracking  of  con- 
crete pavement  over  time.  There  is  no  geomorphic  evidence 
for  Holocene  movement  on  the  Antioch  fault.  Instead,  the  onl; 
distinctive  geomorphic  feature  along  the  fault,  a  ridge  of  cal- 
cite-cemented  fault  breccia,  seems  to  contradict  active  fault- 
ing. 

The  Antioch  fault  can  be  traced  as  a  fault  in  bedrock  for 
approximately  two  miles,  from  Roosevelt  Lane  to  north  of 
Lone  Tree  Way  in  Antioch.  Here,  trenching  investigations 
have  found  steps  in  the  bedrock-soil  contact  and  features  re- 
sembling soil-filled  fissures  along  bedrock  faults.  No  investi- 
gation has  identified  clearly  offset  Holocene  soils  or  alluvium^ 
There  is  no  geomorphic  or  subsurface  evidence  of  the  fault  in 
late  Pleistocene  deposits  on  the  Antioch  alluvial  plain  or  to  th< 
south  where  it  was  projected  toward  the  Davis  fault. 
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Holocene  Faulting  Near  Lawrence  Livermore 
National  Laboratory,  Site  300 
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Robert  S.  Mateik3,  and  W.  Michael  Wade3. 


ABSTRACT 

Lawrence  Livermore  National  Laboratory's  Site  300  test  facility,  an  1 1  mi2  area,  is  located  in  the  rug- 
ged, semiarid  Altamont  Hills  southwest  of  Tracy,  California.  Geologic  studies  conducted  at  the  site  in 
support  of  environmental  assessments  of  closed  landfill  Pit  6  reveal  the  presence  of  a  fault  strand 
showing  evidence  of  repeated  movements  during  the  late  Pleistocene  and  Holocene.  These  studies 
included  airphoto  interpretation,  geologic  mapping,  and  logging  of  four  exploratory  trenches  and  other 
exposures.  The  fault  was  traced  from  west  of  Pit  6  to  southeast  of  the  pit,  a  distance  of  about  1 500  ft 
(450  m);  regional  reconnaissance  suggests  that  the  fault  extends  beyond  the  limits  of  the  area  studied 
in  detail.  The  identified  fault  strand  is  not  coincident  with  any  previously  mapped  fault.   It  occurs  within 
a  band  of  highly  deformed  Tertiary  rocks  that  is  bounded  by  the  Carnegie  fault  on  the  north  and  the 
Corral  Hollow  fault  on  the  south,  it  is  also  believed  to  be  a  portion  of  a  zone  of  deformation  that  includes 
these  faults.   Evidence  of  Holocene  movement  within  the  larger  Corral  Hollow-Carnegie  fault  zone  indi- 
cates that  this  fault  zone  should  be  considered  active  and  could  be  a  source  of  future  strong  earthquake 
motion.   Regressions  relating  total  fault  length,  segment  length,  and  fault  plane  area  suggest  that  the 
Corral  Hollow-Carnegie  fault  zone  may  be  capable  of  generating  an  earthquake  in  the  range  of  Ms  6.3 
to  7.1 .   Effects  of  surface  rupture  on  closed  landfill  Pit  6  are  expected  to  be  slight  since  the  identified 
Holocene  fault  trace  passes  at  least  1 00  ft  (30m  south  of  the  outer  limits  of  the  pit  area.  However,  the 
effects  of  strong  ground  shaking  from  a  local  source  upon  buildings,  slopes,  and  other  structures  within 
Site  300  and  vicinity  should  receive  further  consideration. 


INTRODUCTION 

Lawrence  Livermore  National  Laboratory  (LLNL)  oper- 
ates the  Site  300  test  facility  as  a  portion  of  its  national  de- 
fense research  and  development  program.  Site  300  is  locat- 
ed in  the  rugged,  semiarid  Altamont  Hills  about  9  mi  (14 
km)  southwest  of  Tracy,  California  (Figure  1).  During  geo- 
logic studies  conducted  at  Site  300  in  support  of  an  environ- 
mental investigation  of  closed  landfill  Pit  6  (Figure  1),  a 
fault  trace  showing  evidence  of  repeated  late  Pleistocene 
and  Holocene  displacements  was  observed  in  a  cut  slope 
within  State  of  California  property  about  1100  ft  (330  m) 
southeast  of  the  closed  landfill  (Figure  2).  As  a  result  of  this 
observation,  additional  studies  of  the  fault  trace  were  under- 
taken and  the  findings  of  these  studies  are  summarized  here- 
in. 


GEOLOGIC  SETTING 

Previous  geologic  investigations  of  Pit  6  and  its  environs 
include  geologic  mapping  by  Dibblee  (1980)  and  several 
hydrogeologic  investigations  summarized  by  Taffet  (1990). 
These  studies  determined  that  the  Pit  6  area  is  traversed  by 
the  Carnegie  fault,  a  major  northwest  trending  structural 
discontinuity.  The  Carnegie  fault  separates  25°  south-dip- 
ping volcaniclastic  sedimentary  rocks  of  the  late  Miocene 
Neroly  Formation  on  the  north  from  a  structurally  complex 
assemblage  of  Tertiary  marine  and  continental  rocks  on  the 
south.  These  rocks  strike  northwest  and  have  nearly  vertical 
to  overturned  dips  (Figure  2). 

In  the  vicinity  of  Pit  6,  these  strata  are  overlain  by  late 
Quaternary  terrace  and  floodplain  deposits,  colluvial  soils 


1  Lawrence  Livermore  National  Laboratory,  P.O.  Box  808,  L-201 ,  Livermore,  CA  94551 . 

2Science  Applications  International  Corporation,  4900  Hopyard  Road,  Suite  310,  Pleasanton,  CA  94588. 

3Weiss  Associates,  5500  Shellmound  Street,  Emeryville,  CA  94608. 


333 


334 


DIVISION  OF  MINES  AND  GEOLOGY 


SPIL; 


Area  shown  on  Figure  2- 


Corral 


HoUo* 


^   Closed  Landfill 

Site  300  boundary 

y  Paved  Road 


Scale  :  Feet 
0  1400         2800 


0  500  1000 

Scale  :  Meters 


Figure  1 .  Map  showing  location  of  Site  300  and  study  area  within  Site  300. 


that  lack  soil  profile  development,  and  landslides  (Figure  2). 
Near  Pit  6,  Dibblee  (1980)  mapped  the  Carnegie  fault  as 
buried  beneath  a  terrace  remnant  recently  estimated  as 
60,000  to  70,000  years  in  age  based  upon  geomorphic  posi- 
tion and  degree  of  carbonate  accumulation  (Shlemon  in 
Carpenter  and  others,  1991). 

FAULT  STUDIES 

During  an  earlier  study  of  Pit  6,  LLNL  geologists  excavat- 
ed trench  T-2  (Figure  2)  across  the  mapped  trace  of  the  Car- 
negie fault.  This  trench  revealed  no  features  suggestive  of 


late  Quaternary  faulting  in  the  vicinity  of  the  mapped  fault 
trace  (Raber  and  Carpenter,  1983).  Subsequently,  the  State 
of  California  excavated  a  cut  slope  (TR-P6-01,  Figure  2) 
along  the  boundary  of  its  property,  the  Carnegie  State  Vehi- 
cle Recreation  Area  (SVRA),  with  Site  300.  During  the 
spring  of  1990,  LLNL  geologists  examined  the  cut  slope 
and  observed  a  zone  of  intense  fracturing  and  shearing  sepa 
rating  likely  Holocene  colluvium  from  Eocene  Tesla  Forma 
tion  sandstone  (Figure  3).  As  a  result  of  this  observation, 
LLNL  conducted  additional  investigations  to  assess  charac- 
teristics of  fault  movements  and  to  evaluate  potential  contri 
butions  to  regional  seismic  hazards  (Carpenter  and  others, 
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1991).  These  studies  included  airphoto  interpretation,  geo- 
logic mapping,  and  logging  of  four  exploratory  trenches  and 
other  exposures.  Detailed  investigations  were  concentrated 
in  the  vicinity  of  Pit  6;  reconnaissance  studies  extended 
beyond  the  pit  area. 

RESULTS  OF  GEOLOGIC  STUDIES 

LLNL  investigations  have  revealed  the  presence  of  a  fault 
trace  showing  evidence  for  repeated  late  Pleistocene  and 
Holocene  movements  extending  across  the  study  area  (Fig- 
ure 2).  This  fault  trace,  which  is  not  coincident  with  any 
previously  mapped  fault,  is  about  200  ft  (60  m)  south  of  the 
mapped  position  of  the  Carnegie  fault  and  trends  nearly 
parallel  to  it  (Figure  2).  The  fault  is  located  within  a  zone  of 
intense  deformation  between  the  Carnegie  fault  and  the  Cor- 
ral Hollow  fault,  which  is  mapped  as  passing  about  500  ft 
(150  m)  southwest  of  the  study  area  (Dibblee,  1980). 

Our  studies  confirm  those  of  Raber  and  Carpenter  (1983) 
regarding  the  absence  of  significant  late  Quaternary  faulting 
in  the  immediate  vicinity  of  the  mapped  trace  of  the  Carne- 
gie fault.  The  only  feature  observed  that  might  be  cited  as 
evidence  for  such  movement  is  an  0.7-ft  (18  cm)  "step"  in 
the  bedrock-terrace  contact  at  Station  1+20.5  in  trench  TR- 
P6-03,  excavated  west  of  Pit  6  (Figure  2).  Possible  fault- 
related  disturbance  extends  no  more  than  a  few  centimeters 
upward  into  the  60,000  to  70,000  year-old  terrace  deposit, 
and  no  Holocene  movement  is  evident  (Carpenter  and  oth- 
ers, 1991). 

The  main  portion  of  the  identified  late  Pleistocene  to  Ho- 
locene fault  trace  is  about  10  to  13  ft  (3  to  4  m) 
wide;  however,  some  probable  Holocene  shears  are 
present  about  20  ft  (6  m)  north  of  the  main  fault 
zone  (Figure  3).  The  exposure  indicates  that  com- 
plex movements  occurred  along  the  fault  trace.  The 
late  Pleistocene  erosion  surface  on  the  top  of  the 
Tertiary  bedrock  sequence  is  displaced  vertically 
about  5.5  ft  (1.6  m),  south  side  down,  in  the  SVRA 
cut.  The  same  surface  is  displaced  about  4.5  ft  (1.3 
m),  north  side  down,  in  trench  TR-P6-03.  These 
lateral  variations  in  vertical  displacement,  combined 
with  a  dominance  of  20°  to  60°  plunges  of  poorly 
preserved  slickenslides  on  shear  surfaces,  suggest 
predominantly  strike-slip  motion  along  the  fault 
trace  (Carpenter  and  others,  1991). 


ments  are  strong  evidence  for  Holocene  displacement  along 
the  fault  trace. 

Airphoto  interpretation,  literature  review,  and  regional 
geologic  reconnaissance  studies  indicate  that  the  fault  trace 
is  part  of  a  zone  of  geologically  young  fault  traces  within 
the  Corral  Hollow-Carnegie  fault  zone.  This  fault  zone 
appears  to  extend  from  near  Altamont  Pass  southeastward  toi 
near  Lone  Tree  Creek  (Dibblee,  1980;  Raymond,  1973),  a 
distance  of  about  18  mi  (29  km).  Our  identification  of  Ho- 
locene movements  within  this  fault  zone  suggests  that  it 
should  be  considered  active  and  that  it  could  be  a  source  of 
future  strong  earthquake  ground  motion. 

POTENTIAL  FAULT  CAPABILITY 

Estimates  of  maximum  earthquakes  that  may  be  generated 
by  the  Corral  Hollow-Carnegie  fault  zone,  based  on  empiri- 
cal regressions  developed  by  several  authors,  are  presented 
in  Table  1.  These  regressions  relate  fault  length  (29  km), 
maximum  segment  length  (16  km),  and  fault  plane  area  (232 
km~)  to  earthquake  capability.  In  order  to  estimate  fault 
plane  area,  the  depth  of  seismicity  along  the  nearby,  histori- 
cally active  Greenville  fault  as  determined  by  Scheimer  and 
others  (1982)  has  been  used.  This  is  because  recorded  seis- 
micity that  may  be  clearly  attributed  to  the  Corral  Hollow- 
Carnegie  fault  zone  is  lacking  (Hauk,  1990). 

Most  of  the  estimated  maximum  magnitudes  are  in  the 
range  of  Ms=6.3-6.7,  although  maximum  magnitudes  esti- 
mated based  on  the  regressions  of  Bonilla  and  others  (1984) 
are  7.0  and  7.1. 


Table  1.  Maximum  earthquake  estimates,  Corral  Hollow-Carnegie  fault  zone. 


Parameter 

Source3 

Max  Eq.  (Ms) 

Total  fault  length 

Slemmons  and  Chung,  1982 

6.6 

Slemmons  and  Chung,  1982 

6.7 

Bonilla  and  others,  1984 

7.1 

Segment  length 

Herd,  1978 

6.3 

Slemmons  and  Chung,  1982 

6.3 

Bonilla  and  others,  1984 

7.0 

Fault  plane  area 

Wyss,  1979 

6.5 

Regressions  for  strike-slip  faults. 


However,  as  shown  in  Figure  3,  thrust  movements 
are  also  present.  After  displacement  of  older  collu- 
vium  against  Tesla  sandstone  along  shear  A,  thrust 
movement  (shear  B)  offset  the  upper  portion  of  shear  A 
about  1 .75  ft  (54  cm)  northward.  Shear  B  was  then  truncat- 
ed by  shear  C,  a  high  angle  (reverse?)  fault.  Shearing  then 
repropagatcd  from  the  root  zone  of  shear  A  to  produce  off- 
sets (shears  marked  D,  Figure  3)  of  the  youngest  colluvium 
present  and  possibly  of  the  land  surface.  These  latter  move- 


Slip  rate  estimates  made  for  the  Corral  Hollow-Carnegie 
fault  zone  vary  widely  because  of  large  uncertainties  in  the 
ages  and  original  continuities  of  offset  features.  They  also 
vary  because  of  uncertainties  of  the  orientations  of  slip  vec- 
tors used  to  translate  observed  vertical  displacements  into 
total  offsets.  Given  these  uncertainties,  the  average  estimat- 
ed slip  rate  for  the  fault  zone  is  0.7  mm/y,  similar  to  that  for 
the  Greenville  fault  zone  (Carpenter  and  others,  1991). 


1992 
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Because  seismicity  cannot  be  directly  attributed  to  the 
Corral  Hollow-Carnegie  fault  zone,  a  refined  estimate  of 
possible  earthquake  recurrence  intervals  cannot  be  made. 
However,  Slemmons  and  Chung  (1982)  presented  a  figure 
from  which  recurrence  intervals  may  be  estimated  for  vari- 
ous sized  earthquakes  at  given  slip  rates.  For  Ms=6.5  and  a 
slip  rate  of  0.7  mm/y,  a  recurrence  interval  of  about  800  y  is 
suggested.  For  an  Ms=7.0  earthquake  with  the  same  slip 
rate,  the  indicated  recurrence  interval  is  about  1800  y. 


The  range  of  most  probable  future  maximum  earthquakes 
that  could  be  generated  by  the  Corral  Hollow-Carnegie  fault 
zone  is  Ms=6.3-6.7.  These  are  consistent  with  historical 
experience  within  the  Coast  Range-Central  Valley  bound- 
ary area  (Eaton,  1986).  Therefore,  it  would  be  prudent  to 
design  future  public  and  private  structures  in  the  region  to 
resist  earthquakes  in  this  magnitude  range  and  to  review  the 
adequacy  of  the  seismic  designs  of  existing  Site  300  and 
important  public  structures  in  potentially  affected  areas. 


CONCLUSIONS 

Possible  future  movements  along  the  Holocene  fault 
strand  identified  here  do  not  pose  a  fault  rupture  hazard  to 
closed  landfill  Pit  6,  because  the  fault  trace  is  located  a  min- 
imum of  100  ft  (30  m)  from  the  southerly  pit  boundary  (Fig- 
ure 2).  Strong  ground  shaking  during  a  future  earthquake 
could  lead  to  Assuring  and  cracking  of  the  landfill  cap  and 
could  necessitate  cap  repair  or  replacement. 
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Neogene  Synorogenic  Sedimentation  in 
the  Northern  Livermore  Basin,  California 


By 

Kathleen  A.  Isaacson1  and  David  W.  Andersen2 


ABSTRACT 

The  fluvial  Sycamore  Formation  was  deposited  between  8.5  Ma  and  2.5  Ma  in  the  northern  Livermore 
basin,  east  of  the  San  Francisco  Bay,  and  records  the  evolution  of  the  basin  during  that  time.  The  Finley 
Road,  Blackhawk,  and  Roundhill  petrofacies  are  defined  here  on  the  basis  of  variation  in  gravel  composition 
within  the  Sycamore  Formation.  Tuffs  and  fossils  in  the  formation  provide  time  constraints  for  deposition  of 
these  petrofacies.  The  three  petrofacies  indicate  successive  changes  in  provenance,  as  uplift  occurred  first 
on  the  south  side  of  the  basin  and  then  along  the  northeast  edge  starting  as  early  as  8.5  Ma.  Sediment  was 
derived  from  the  area  of  Mount  Diablo,  but  not  from  the  Franciscan  rocks  in  its  core.  The  Sycamore  Forma- 
tion was  deformed  after  2.5  Ma,  when  regional  stresses  changed  from  slightly  extensional  to  slightly  com- 
pressional.  The  age  of  that  deformation  is  even  younger  than  previously  shown,  which  suggests  that  the 
structures  involved  should  be  checked  carefully  for  evidence  of  continuing  activity. 


INTRODUCTION 

The  late  Cenozoic  history  of  the  San  Francisco  Bay  area 
provides  information  that  is  useful  in  assessing  continuing 
earthquake  hazards.  A  record  of  part  of  this  history  has  been 
preserved  in  the  Livermore  basin  (Figurel),  located  east  of 
San  Francisco  Bay.  The  nonmarine  conglomerate,  sandstone 
and  fine-grained  rocks  of  the  Sycamore  Formation,  deposit- 
ed in  the  northern  Livermore  basin  from  the  late  Miocene 
into  the  Pliocene,  record  the  changes  in  depositional  environ- 
ments and  source  areas  that  occurred  during  that  time  in 
reponse  to  deformation  and  uplift  in  this  part  of  the  Coast 
Ranges.  Sarna-Wojcicki  (1976)  noted  evidence  that  Mount 
Diablo  is  a  young  feature,  suggesting  implications  for  con- 
tinuing faulting.  In  this  paper  we  use  the  synorogenic  sedi- 
mentary record  in  the  Sycamore  Formation  to  constrain  the 
uplift  history  east  of  the  Calaveras  fault. 

Geologic  Setting 

The  Livermore  basin  is  located  in  the  California  Coast 
Ranges  on  the  eastern  edge  of  a  broad  zone  of  rocks  de- 
i  formed  during  development  of  the  San  Andreas  fault  system 
•  (Nilsen  and  Clarke,  1989).  The  basin  presently  is  bounded 
i  by  the  Calaveras  fault  to  the  west  and  the  Greenville  fault  to 
the  northeast  (Figure  1).  Both  faults  have  historic  activity 
and  are  right-lateral  strike  slip  faults  (Page,  1982).  The  Alta- 
mont  Hills  lie  to  the  northeast  of  the  basin  and  are  part  of  the 
Diablo  antiform  and  north  Diablo  Range  (Figure  1).  The 


south  side  of  the  basin  is  bounded  by  the  central  Diablo 
Range,  which  includes  Mount  Hamilton  (Figure  1).  On  the 
north  side  of  the  basin,  Mount  Diablo  stands  as  the  domi- 
nant edifice. 


Figure  1 .  San  Francisco  Bay  region  with  location  of  study  area 
(modified  from  Jennings,  1977) 
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Mesozoic  rocks  of  the  Franciscan  Complex  and  Great  Val- 
ley Group  are  exposed  in  uplifts  around  the  basin  (Dibblee, 
1976).  Overlying  the  Mesozoic  rocks  is  a  thick  sequence  of 
Tertiary  rocks.  These  are  deformed  in  a  series  of  folds  and  are 
locally  cut  by  reverse  faults  within  the  Livermore  basin,  and 
they  are  vertical  to  overturned  on  the  south  flank  of  Mount 
Diablo  (Brabb  and  others,  1971).  The  uppermost  part  of  the 
Tertiary  section  consists  of  continental  rocks,  which  are  the 
focus  of  this  study. 

Previous  Studies 

The  upper  Tertiary  continental  rocks  of  the  Sycamore  For- 
mation initially  were  correlated  with  the  Orinda  Formation 
(Clark,  1935)  and  subsequently  were  divided  into  the  Green 
Valley  and  Tassajara  formations  by  Clark  (1940).  The  Tassa- 
jara  Formation  was  distinguished  mainly  on  the  basis  of  its 
fine  grain  size.  The  history  of  the  nomenclature  and  mapping 
is  summarized  by  Isaacson  (1990). 

Sarna-Wojcicki  (1976)  used  chemical  and  geochronologic 
data  to  correlate  several  tuffs  within  the  Green  Valley  and 
Tassajara  formations.  His  work  indicated  that  correlations 
based  solely  on  the  field  characteristics  of  the  tuffs  were  inac- 
curate, and  that  previously  defined  stratigraphic  units  had  not 
been  mapped  consistently.  Wagner  (1978)  introduced  the 
informal  term  Sycamore  Formation  to  replace  the  earlier  no- 
menclature. The  Sycamore  Formation  and  the  Orinda  Forma- 
tion are  partly  equivalent  in  age,  but  they  are  different  litho- 
logically  (Wagner,  1978).  The  term  Sycamore  Formation  is 
used  in  this  study  to  refer  to  rocks  formerly  assigned  to  both 
the  Green  Valley  and  Tassajara  formations  and  coeval,  in  part, 
with  the  Orinda  Formation. 


STRATIGRAPHY 

Three  traverses  were  chosen  for 
this  study  in  locations  that  provide 
the  most  continuous  stratigraphic 
sequences  with  the  least  structural 
complications.  Locations  are  shown 
on  Figure  2  and  described  in  detail 
by  Isaacson  (1990).  The  base  of 
each  of  the  three  traverses  is  at  the 
contact  between  the  Sycamore  and 
the  Neroly  formations.  This  contact 
appears  to  be  conformable  at  the 
Blackhawk  traverse,  but  it  may  be 
an  unconformity  or  a  fault  in  the 
western  traverses.  The  traverses 
were  not  measured  in  the  traditional 
sense,  because  discontinuous  expo- 
sures made  description  of  every 
bed  impossible.  The  thickness  of 
each  traverse  was  determined  by 


map  distance  measured  perpendicular  to  strike  across  the  near- 
ly vertical  beds,  and  these  values  provide  close  approxima- 
tions of  true  thickness.  The  thickness  of  the  Sycamore  Forma- 
tion is  about  2.3  km  at  the  Blackhawk  traverse,  about  1.2  km 
at  the  Roundhill  traverse,  and  about  1.1  km  at  the  Whitecliff 
traverse. 

The  Sycamore  Formation  consists  mainly  of  horizontally 
stratified  and  locally  cross-bedded  conglomerate  and  sand- 
stone interbedded  with  red  to  brown  fine-grained  rocks.  Tuffs 
and  dark  claystone  occur  in  minor  amounts.  Sedimentary  fea- 
tures and  vertebrate  fossils,  which  are  described  in  detail  by 
Isaacson  (1990),  indicate  that  the  Sycamore  Formation  is  a 
nonmarine  deposit.  Most  of  the  formation  was  deposited  by 
braided-stream  and  meandering-stream  systems,  and  pond 
deposits  are  present  locally. 

CONGLOMERATE  AND  SANDSTONE 
PROVENANCE 

Clast  composition  of  fluvial  conglomerate  is  used  in  this 
study  as  an  indicator  of  provenance.  Localities  of  samples 
taken  from  each  traverse,  details  of  sampling  methods,  and 
tables  of  clasts  counted  are  presented  in  Isaacson  (1990). 
Where  conglomerate  is  absent,  thin  sections  of  sandstone  sam- 
ples provide  additional  information  for  provenance. 

Clast  Types 

Gravel  clasts  counted  were  categorized  according  to  litholo- 
gy.  The  categories  are  related  types  of  clasts  and  include  Ter- 
tiary sedimentary  rocks,  chert,  volcanic  rocks,  quartzite,  vein 
quartz,  graywacke,  and  metamorphic  rocks. 

The  clasts  most  useful  as  indicators  of  provenance  are 
grouped  into  three  distinctive  categories  that  consist  of  Tertia- 
ry sedimentary  clasts,  Miocene  volcanic  rocks,  and  rocks  de- 
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Figure  2.  Locations  of  traverses  and  fossil  and  tuff  samples  within  area  of  study. 
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rived  from  Mesozoic  sources  in  the  Coast  Ranges.  The  Tertiary 
category  includes  a  broad  range  of  clast  types  whose  source  can 
be  identified  on  Mount  Diablo  in  the  Tertiary  section  below  the 
Sycamore  Formation.  Sandstone  and  mudstone  clasts  are  most 
common  and  include  Turritella-bearmg  sandstone  derived  from 
the  Eocene  Domengine  Formation.  Also  present  are  clasts  of  a 
brown  lithic  tuff  reworked  from  the  Neroly  Formation.  Miocene 
andesitic  volcanic  rocks  are  inferred  to  have  been  derived  from 
the  Sierra  Nevada  or  reworked  from  the  andesite-rich  Neroly 
Formation.  Graywacke,  blueschist,  and  other  metamorphic 
clasts  are  combined  into  the  category  of  Coast  Range  rocks. 
Possible  Coast  Range  sources  now  occur  on  all  sides  of  the  area 
of  study. 

Petrofacies 

Distinctive  assemblages  of  types  of  clasts  in  gravel  are  here 
used  to  define  petrofacies  for  stratigraphic  correlation  within 
the  Sycamore  Formation.  These  are  easy  to  visualize  on  a 
ternary  diagram  (Figure  3).  Two  of  the  petrofacies  names  are 
taken  from  traverses  that  provide  distinctive  examples,  and 
one  is  named  for  exposures  at  the  Finley  Road  quarry,  east  of 
Blackhawk  (Figure  2). 


SEDIMENTARY 
ROCKS 


The  Finley  Road  petrofacies  contains  samples  that  are  al- 
most entirely  composed  of  clasts  derived  from  Franciscan  or 
Great  Valley  rocks  of  the  Coast  Ranges.  These  samples  occur 
near  the  base  of  the  Blackhawk  section  and  at  the  Finley  Road 
quarry.  Samples  dominated  by  Miocene  volcanic  clasts,  with 
the  balance  made  up  primarily  of  Tertiary  sedimentary  clasts, 
are  included  in  the  Blackhawk  petrofacies.  Samples  from 
about  800  m  to  1250  m  above  the  base  of  the  Blackhawk 
traverse  (Figure  2)  are  composed  of  this  petrofacies.  One 
sample  with  only  45  percent  Miocene  volcanic  clasts  is        y  e  h 
included  in  this  petrofacies,  but  it  evidently  represents 
a  transition  to  the  overlying  petrofacies.  The  Round- 
hill  petrofacies  is  dominated  by  Tertiary  sedimenta- 
ry clasts,  with  Miocene  volcanic  rocks  and  Coast 
Range  rocks  contributing  up  to  34  percent  of  the 
total.  Samples  from  the  Roundhill  traverse, 
from  the  upper  half  of  the  Blackhawk  tra- 
verse, and  from  all  of  the  Whitecliff  traverse 
are  composed  of  this  assemblage. 

In  addition  to  the  gravel  counts,  sever 
al  samples  of  sand  and  sandstone  of 
the  Sycamore  and  Neroly  formations 
were  examined  in  thin  section.  The 
trends  in  gravel  composition  are 
strongly  supported  by  the  sand 
composition. 

The  results  indicate  that  the 
petrographic  makeup  of  the 
Sycamore  Formation  is 

J  ,  MIOCENE 

much  more  complex  volcanic 

ROCKS 

than  previously  known. 


5  0% 


The  three  petrofacies  indicate  that  the  provenance  for  the  Sy- 
camore Formation  changed  over  time,  and  clasts  within  each 
petrofacies  can  be  used  to  identify  the  sources  and  to  constrain 
the  sequence  of  uplifts  surrounding  the  basin. 

Provenance 

Sand  from  the  Neroly  Formation  contains  abundant  andesit- 
ic rock  fragments,  indicating  a  source  in  Miocene  volcanic 
rocks  of  the  Sierra  Nevada  (Graham  and  others,  1984).    Sand 
at  the  base  of  the  Blackhawk  traverse,  below  the  lowest  occur- 
rence of  conglomerate,  contains  volcanic  clasts  like  those  in 
the  Neroly  mixed  with  chert  and  metamorphic  rock  fragments 
from  Mesozoic  rocks  of  the  Coast  Ranges.  This  sand  records  a 
transition  from  the  Neroly  Formation  to  the  Finley  Road 
petrofacies,  representing  an  influx  of  Franciscan  material  that 
mixed  with  Miocene  volcanic  detritus  from  the  Sierran  arc. 

The  Finley  Road  petrofacies,  occurring  between  about  750m 
and  800  m  above  the  base  of  the  Blackhawk  traverse  and  at 
Finley  Road  to  the  east,  records  a  complete  shift  in  prove- 
nance to  a  Coast  Range  source.  Clasts  include  graywacke, 
metavolcanic  rocks,  metasedimentary  rocks,  and  minor  chert 
and  blueschist.  This  assemblage  differs  from  that  in  the  Orinda 
Formation  (Graham  and  others,  1984)  and  suggests  that  the 
Sycamore  Formation  was  not  derived  from  the  west.  The 
small  amount  of  chert  and  greenstone  clasts  also  suggest  that 
the  sediment  was  not  transported  from  Mount  Diablo  on  the 
north.  We  infer  that  the  Finley  Road  petrofacies  was  derived 
from  the  Mount  Hamilton  area  to  the  south,  which  was  uplift- 
ed as  early  as  10  Ma  (Bartow,  1991). 

The  overlying  Blackhawk  petrofacies,  between  about 
800  m  and  1 250  m  above  the  base  of  the  Blackhawk 
traverse,  records  a  shift  back  to  a  source  including  Mio- 
cene volcanogenic  sediments.  The  change  in  prove- 
nance was  abrupt,  but  the  volcanic  fraction  in  the 
Blackhawk  petrofacies  does  not  represent  as  great 
a  proportion  of  the  rock  as  it  does  in  the  Neroly 
sandstone.  This  sediment  may  include  fresh 
volcanic  material  from  the  Sierra  Nevada,  or  it 
may  consist  of  reworked  volcaniclastic  sedi- 
ment from  the  Neroly  Formation,  which 
could  have  been  exposed  by  gentle  uplift 
of  the  Altamont  Hills  or  Mount  Diablo. 


Conglomerate  from  850  m  above 
the  base  of  the  Blackhawk  traverse 
to  the  top  of  the  traverse  and  all  of 
the  Roundhill  and  Whitecliff 
traverses  belongs  to  the  Round- 
hill petrofacies.  Clasts  rang- 
ing up  to  boulder  size  are 

Four  °     r 

Samples     rocks  from  the  Tertiarv 


Figure  3.  Relative  proportions  of  Coast  Range  rocks,  Miocene  volcanic  rocks,  and 
Tertiary  sedimentary  rocks  in  gravel  samples  from  the  Sycamore  Formation. 


section  underlying  the 
Sycamore  Formation 
on  Mount  Diablo. 
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Figure  4.  Distribution  of  petrofacies  of  the  Sycamore  Formation  relative  to  absolute  age. 


These  can  easily  be  identified,  particularly  in  the  Roundhill 
traverse,  and  include  distinctive  clasts  of  the  Domengine  and 
Neroly  formations.  Sedimentary  clasts  are  quite  diverse,  but 
clasts  of  metamorphic  rocks  and  Franciscan  chert  are  rare. 
This  petrofacies  reflects  uplift  of  Mount  Diablo  and  erosion  of 
its  Tertiary  cover,  but  the  facies  does  not  contain  evidence  of 
significant  erosion  of  its  Mesozoic  core. 

AGE 

To  understand  how  sediment  provenance  changed  with  time, 
age  constraints  for  the  Sycamore  Formation  have  been  ob- 
tained from  fossils  and  numerous  tuffs.  A  detailed  discussion 
of  previous  studies  and  new  age  data  can  be  found  in  Isaacson 
(1990). 

Figure  4  presents  the  stratigraphic  relationships  for  each 
traverse  on  an  absolute  time  scale,  and  indicates  the  distribu- 
tion of  petrofacies  over  time.  When  placed  on  the  absolute 
time  scale,  it  is  apparent  that  the  Blackhawk  traverse  provides 
the  most  continuous  record  of  deposition  between  8.5  Ma  and 
4  Ma.  Absence  of  the  Finley  Road  and  Blackhawk  petrofacies 
at  Roundhill  and  Whitccliff  suggests  that  rocks  representing 
the  time  between  about  8.5  Ma  and  5  Ma  are  not  present  in 
those  traverses.  Rocks  of  that  age  may  have  been  cut  out  by  a 
fault,  or  the  earliest  deposition  of  the  Sycamore  Formation 
there  may  be  only  4.5  Ma.  The  time  between  about  4  Ma  and 
3.3  Ma  is  represented  by  only  a  few  meters  of  strata  in  the 


Whitecliff  traverse,  and  we  suggest  that  the  Neroly-Sycamore 
boundary  there  is  most  likely  to  be  an  unconformity.  The 
youngest  sediments  of  the  Sycamore  Formation  are  at  the  top 
of  the  Whitecliff  traverse,  where  more  than  1  km  of  the  sec- 
tion is  present  above  the  3.3  Ma  Putah  Tuff.  This  suggests  that  I 
the  top  of  the  traverse  may  represent  deposition  at  about  2.5 
Ma. 

GEOLOGIC  HISTORY 
AND  CONCLUSIONS 

The  Finley  Road,  Blackhawk  and  Roundhill  petrofacies  of 
the  fluvial  Sycamore  Formation  record  changes  in  provenance 
over  approximately  6  million  years  of  deposition  in  the  Liver- 
more  basin,  starting  about  8.5  Ma.  Distinctive  clast  types  in 
the  Sycamore  conglomerate  allow  identification  of  the  domi- 
nant source  area  of  each  petrofacies,  showing  that  these 
changes  in  provenance  reflect  the  uplifts  that  occurred  along 
the  sides  of  the  evolving  basin.  Figure  5  shows  paleogeo- 
graphic  constructions  from  9.5  Ma  to  3.5  Ma. 

Prior  to  8.5  Ma,  the  Neroly  Formation,  composed  primarily 
of  Sierran  andesitic  material,  was  deposited  in  the  last  rem- 
nants of  the  formerly  larger  Neogene  basin  (Graham  and  oth- 
ers, 1984).  Uplift  and  erosion  of  the  central  Diablo  Range, 
which  started  as  early  as  10  Ma  (Bartow,  1991),  exposed  its 
Franciscan  core  and  provided  sediment  to  the  Finley  Road 
petrofacies  at  the  north  end  of  the  basin  by  about  7.5  Ma. 
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Figure  5.  Generalized  paleogeographic  reconstruction  of  the  Livermore  basin  at  about  9.5  Ma,  7  Ma,  6  Ma  and  3.5  Ma. 


As  the  Diablo  antiform  and  Altamont  Hills  developed  to  the 
northeast  of  the  basin,  unconsolidated  portions  of  the  Neroly 
Formation  were  eroded  and  redeposited  in  the  basin  as  the 
sandy  Blackhawk  petrofacies  at  about  6  Ma.  Erosion  of  the 
Neroly  Formation  may  have  started  as  early  as  8.5  Ma,  but  we 
have  not  distinguished  redeposited  sediment  from  primary 


Sierran  detritus.  More  pronounced  uplift  starting  at  about  4  to 
5  Ma  is  recorded  in  the  Roundhill  petrofacies.  This  petrofa- 
cies, consisting  of  clasts  of  the  entire  underlying  Tertiary  sec- 
tion, is  the  coarsest  of  the  petrofacies.  For  the  first  time,  well 
lithified  clasts  of  the  Neroly  Formation  were  deposited,  rather 
than  the  reworked  andesitic  sand  and  gravel  observed  in  the 
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Blackhawk  petrofacies.  There  is  no  evidence  of  the  Franciscan 
core  of  Mount  Diablo  in  the  sediments.  Enlargement  of  the 
depositional  area  in  the  northern  Livermore  basin  is  attributed 
to  eastward  migration  of  the  limits  of  the  transform-fault  sys- 
tem and  possibly  to  development  of  the  Calaveras  fault  on  the 
western  edge  of  the  basin. 

Folds  formed  in  the  basin  after  2.5  Ma  may  be  directly  at- 
tributed to  displacement  along  the  active  Calaveras  fault  under 
a  slightly  compressional  regime.  This  shift  to  a  compressional 
regime  (Harbert  and  Cox,  1989)  may  also  be  the  cause  of  the 
eventual  uplift  of  Mount  Diablo.  The  degree  of  folding  and  its 


extent  probably  are  tied  to  the  final  uplift  and  southward 
thrusting  of  Mount  Diablo.  The  youthful  age  of  the  uplift  of 
Mount  Diablo  and  related  events  indicates  that  similar  pro- 
cesses are  potentially  active  today. 
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The  Miller  Creek  Fault  and  Related  Structures: 
Neogene  Kinematics  of  a  Potentially  Active  Thrust  System 

in  the  East  Bay  Hills,  California 

by 
John  Wakabayashi1,2,  David  L.  Smith1,3,  and  Douglas  H.  Hamilton1 

ABSTRACT 

Mapping,  trenching  and  structural  analysis  in  the  vicinity  of  Upper  San  Leandro  Reservoir  (USLR)  has 
resulted  in  new  interpretations  regarding  several  faults  in  the  region.  The  Miller  Creek  fault  (MCF),  a  west- 
dipping  reverse  fault,  may  be  one  of  the  most  important  faults  in  the  structural  block  between  the  Hayward 
and  Calaveras  faults.  The  MCF  places  rocks  of  the  mid-Miocene  Monterey  Group,  and  locally  strata  of  the 
Upper  Cretaceous  Panoche  Formation,  over  rocks  of  the  mid  to  late  Miocene  Contra  Costa  Group.  This  fault 
may  follow  the  Monterey-Contra  Costa  contact  north  of  USLR,  intersecting  the  Wildcat  fault  in  the  Berkeley 
Hills.  To  the  south,  the  MCF  may  be  continuous  with  the  Palomares  fault.  The  total  length  of  this  fault  sys- 
tem is  about  35  km.  No  displacement  of  Holocene  deposits  has  been  demonstrated  across  the  MCF.  How- 
ever, in  trench  exposures  the  dips  of  shears  within  the  fault  zone  decrease  toward  the  ground  surface,  sug- 
gesting that  the  shears  formed  with  the  ground  surface  at  approximately  the  same  level  as  today.   In  addi- 
tion, alluvium  is  ponded  on  the  downthrown  side  of  the  fault  in  every  major  drainage  that  crosses  its  trace. 
Thus,  we  conclude  that  the  fault  is  potentially  active. 

The  MCF  and  other  thrust  faults  and  associated  folds  in  the  area  make  up  a  fold  and  thrust  belt  that  re- 
sults from  compression  in  the  domain  between  the  Calaveras  and  Hayward  faults.  Based  on  the  lack  of  off- 
set of  prominent  sandstone  marker  beds  in  the  Mulholland  Formation,  we  believe  that  little  if  any  strike-slip 
faulting  occurs  between  the  Hayward  and  Calaveras  faults  in  this  area.  Geometry  of  structures  suggests  that 
the  MCF  may  be  the  youngest  and  only  active  fault  of  the  fold  and  thrust  belt.  A  constraint  on  the  dip  and 
lateral  extent  of  the  basal  detachment  fault  beneath  this  thrust  system  is  provided  by  the  apparently  vertical 
zones  of  seismicity  beneath  the  surface  traces  of  the  coeval  Hayward  and  Calaveras  fault  zones.  This  seis- 
micity  extends  uninterrupted  to  depths  of  1 1  and  15  km  respectively,  indicating  that  active  thrust  faults  do 
not  crosscut  either  strike-slip  fault.  If  the  local  base  of  microseismicity  corresponds  to  the  brittle-plastic  tran- 
sition, the  thrust  system  described  above  should  root  downward  into  distributed  ductile  deformation  at  1 1-15 
km  depth.  The  thrust  system  has  accommodated  4.8  km  of  late  Cenozoic  shortening  with  a  slip  rate  of  1-1 .4 
mm/yr.  The  lack  of  strong  geomorphic  expression  and  microseismicity  along  it  suggest  a  relatively  low  level 
of  activity  for  the  MCF,  and  a  smaller  maximum  earthquake  (M  6  -  6.3  based  on  fault  dimensions  and  de- 
pending on  fault  segmentation),  relative  to  the  domain-bounding  Calaveras  and  Hayward  faults. 


INTRODUCTION 

Although  the  Quaternary  tectonics  of  the  central  California 
Coast  Ranges  are  dominated  by  the  strike-slip  faults  of  the  San 
Andreas  fault  system,  compression  normal  to  the  trend  of  the 
strike-slip  faults  is  an  important  element  of  Coast  Range  tec- 
tonics (Zoback  and  others,  1987;  Mount  and  Suppe,  1987). 
The  1983  M  6.7  Coalinga  earthquake  demonstrated  that  com- 
pressional  faults  constitute  a  significant  component  of  the 
seismic  risk  in  this  region  and  that  much  of  the  associated 


seismicity  takes  place  on  faults  that  do  not  reach  the  ground 
surface  ("blind"  faults)  (Wentworth  and  others,  1984;  Namson 
and  Davis,  1988;  Eberhard-Phillips  and  Reasonberg,  1990). 

In  the  San  Francisco  Bay  area,  strands  of  the  San  Andreas 
fault  system  splay  out  to  form  a  zone  of  right-lateral  shear  80 
km  wide  from  the  San  Gregorio  fault  on  the  west  to  the  Green- 
ville fault  on  the  east  (Figure  1).  Compressional  faults  are 
widespread  within  this  zone  as  well  (Figure  1),  although  they 
have  not  been  as  well  studied  as  the  strike-slip  faults.  In  this 
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paper  we  focus  on  the  geometry 
and  kinematics  of  a  set  of  com- 
pressional  faults,  both  exposed 
and  blind,  in  an  area  between 
the  Hayward  and  Calaveras 
faults  (Figure  1).  The  area, 
which  we  will  refer  to  as  the 
Upper  San  Leandro  Reservoir 
(USLR)  area,  encompasses  por- 
tions of  the  Los  Trampas  Ridge, 
Oakland  East  and  Hayward  7.5' 
quadrangles.  In  this  area,  Creta- 
ceous and  Tertiary  sedimentary 
rocks  have  been  strongly  folded 
and  locally  faulted.  Both  thrust 
and  strike-slip  faults  have  been 
mapped  in  the  past  in  this  area 
(Ham,  1952;  Dibblee,  1980a, 
1980b;  Wagner,  1978),  howev- 
er, new  field  studies  suggest 
that  there  is  little  if  any  strike- 
slip  faulting  between  the  bound- 
ing faults  and  that  all  of  the  sig- 
nificant faulting  is  compres- 
sional.  A  balanced  cross  section 
of  this  area  has  been  developed 
using  surface  and  near-surface 
fold  and  fault  geometies  to  con- 
strain and  predict  the  subsurface 
geometry  of  faults  in  this  area. 
The  information  gained  from 
cross  section  construction  helps 
place  the  faults  in  this  area  in  a 
regional  persective. 


Figure  1 .  Map  showing  the  location  of  the  study  area  between  the  Hayward  and  Calaveras 
faults.  Adapted  from  Aydin  and  Page  (1984).  S.F.=San  Francisco,  0.=Oakland 


SURFACE  GEOLOGICAL  RELATIONS 

Stratigraphy 

Five  major  geologic  units  are  present  in  the  USLR  area  (Fig- 
ure 2).  These  are:  (1)  The  Upper  Cretaceous  Panoche  Forma- 
tion, (2)  the  Lower  to  Mid-Miocene  Monterey  Group,  (3)  the 
Mid  to  Upper  Miocene  San  Pablo  Group,  (4)  the  Upper  Mio- 
cene Orinda  and  Mulholland  Formations,  and  (5)  Quaternary 
Alluvium 

1 .  The  Panoche  Formation  is  composed  of  marine  turbiditic 
arkosic  sandstone,  siltstone  and  shale  with  some  conglom- 
erate. The  structural  base  of  the  Panoche  Formation  is  not 
exposed  in  the  USLR  area,  and  the  upper  contact  is  faulted. 
Based  on  regional  structure,  the  structural  thickness  of  the 
Panoche  Formation  may  exceed  1500  m. 

2.  The  Monterey  Group  in  the  area  contains  three  marine 

units,  (a)  sandstones  of  the  Sobrante  Formation,  (b)  sili- 
ceous shale,  porcelanite,  chert,  and  quartz  sandstones  of  the 


Claremont  Formation,  and  (c)  undifferentiated  upper  and 
middle  Monterey  Group  fossiliferous  shale  and  siltstone 
with  minor  sandstone.  In  much  of  the  area,  the  Claremont 
Formation  overlies  the  Panoche  Formation  along  a  low- 
angle  fault  which  cuts  out  the  Sobrante  and  underlying 
Tertiary  formations.  The  minimum  structural  thickness  of 
the  Claremont  Formation  in  the  study  area  is  about  500m. 
Rocks  equivalent  to  the  upper  and  middle  parts  of  the 
Monterey  Group  structurally  underlie  the  Claremont  For- 
mation in  fault  contact.  These  rocks  occupy  a  higher  strati- 
graphic  position  in  the  Monterey  Group  than  the  Claremont 
Formation  based  on  stratigraphic  relationships  south  of  the 
study  area  (Dibblee,  1980a).  The  structural  thickness  of  the 
upper  and  middle  Monterey  Group  is  about  130  m  in  the 
USLR  area. 

3.  The  San  Pablo  Group  is  a  sequence  of  fine  to  pebbly  marin< 
shelf  sandstones  (wackes)  with  subordinate  shale  that  con- 
formably overlies  the  Monterey  Group  in  the  southern  part 
of  the  study  area.  These  strata  have  been  subdivided  into 
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Figure  2.  Schematic  stratigraphic  column  of  units  in  the  study  area. 
Note  that  faults  shown  depict  where  faults  cut  the  section,  not 
relative  age  of  faulting.  No  scale. 

the  Briones,  Cierbo,  and  Neroly  Formations  (e.g.,  Ham 
1952),  but  we  have  not  differentiated  these  units  in  this 
paper.  Structural  thickness  of  this  unit  ranges  from  about 
200  m  in^ie  western  to  600  m  in  the  eastern  parts  of  the 
area. 

4.  The  Orinda  and  Mulholland  formations  are  composed  of 
weakly  to  moderately  consolidated  nonmarine  shale,  mud- 
stone,  siltstone,  sandstone  and  conglomerate  and  crop  out  in 
the  central  part  of  the  study  area.  These  rocks  both  conform- 
ably overlie  and  interfinger  with  the  San  Pablo  Group  (Gra- 
ham and  others,  1984).  The  Mulholland  and  the  upper  Orinda 
Formations  also  interfinger  with  each  other  (Graham  and  oth- 
ers, 1984),  and  we  have  not  differentiated  between  them  in 
this  study.  We  will  refer  to  these  rocks  as  Orinda  Formation  in 


subsequent  discussion  in  the  text.  The  structural  thickness  of 
the  Orinda  Formation  in  the  USLR  area  is  1000-1300  m. 

5.  Alluvial  deposits  exceeding  12  m  in  thickness  are  present  in 
the  bottoms  of  the  major  valleys  in  the  area  and  are  locally 
exposed  in  the  walls  of  gullies  incised  by  modern  streams. 

Folding 

Several  episodes  of  folding  have  affected  the  USLR  area.  In 
the  most  recent,  the  latest  Miocene  Orinda  Formation  and 
older  units  are  tightly  folded  around  essentially  horizontal 
axes  that  trend  about  N  40°  W  (Figure3).  Amplitudes  of  folds 
range  from  100  m  to  possibly  over  2000  m.  The  Kaiser  Creek 
syncline  is  the  largest  of  these  young  folds  within  the  study 
area.  The  east  limb  of  this  fold  is  formed  by  west-dipping  San 
Pablo  Group  and  Orinda  Formation  strata  on  Rocky  Ridge  and 
the  ridges  immediately  to  the  west  (Figure5).  Much  of  the 
west  limb  of  the  fold  has  been  truncated  by  the  Miller  Creek 
fault;  however,  most  of  the  rocks  immediately  east  of  the 
Miller  Creek  fault  dip  to  the  east  including  San  Pablo  and 
Monterey  Group  strata  at  the  south  end  of  the  map  area.  The 
involvement  of  upper  Orinda  rocks  indicates  that  folding  here 
is  younger  than  about  5  Ma. 

At  outcrop  scale,  the  Monterey  Group  is  folded  by  open  to 
isoclinal  folds  with  highly  variable  fold  axis  orientations  and 
amplitudes  up  to  approximately  30  m.  These  folds  commonly 
have  discordant  orientations  relative  to  structures  in  adjacent 
units,  which,  together  with  their  variable  orientations  and 
style,  suggests  that  this  deformation  may  be  largely  the  result 
of  submarine  slumping  shortly  after  deposition.  Stereograms 
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Figure  3.  Lower  hemisphere 
stereonet  diagrams  of  bedding 
orientations  from  study  area 
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Figure  4.  Trench  log  of  trench  across  the  Miller  Creek  fault  showing  possible  shear  cutting  upward  into  colluvium.  Unit  abbreviations 
same  as  Figure  2. 


of  Panoche  Formation  bedding  indicate  that  fold  axes  are 
nearly  horizontal  and  trend  N30W  (Figure  3),  differing  some- 
what from  the  orientation  of  folds  in  the  Orinda  Formation. 
Bedding  orientations  are  more  scattered  than  in  the  younger 
Orinda.  A  low-angle  fault  between  Tertiary  strata  and  the 
Panoche  Formation  cuts  across  a  large  syncline  in  the  Pan- 
oche. This  fault  is  then  folded,  suggesting  that  at  least  two 
generations  of  folds  are  present  in  the  area.  Superposition  of 
two  generations  of  folds  could  have  produced  the  observed 
scatter  in  Panoche  Formation  bedding. 

Faulting 

Miller  Creek  fault:  The  Miller  Creek  fault,  the  most  promi- 
nent surface  fault  in  the  USLR  area,  dips  60°  to  80°  to  the 
west  and  places  older  over  younger  strata.  The  fault  splays 
within  the  area  to  form  two  surface  traces  approximately  300 
m  apart.  Slickenlines  on  fault  planes  exposed  in  trenches  rake 
80-90°  and  indicate  that  recent  movement  on  the  Miller  Creek 
fault  is  nearly  pure  dip-slip.  The  Miller  Creek  fault  cuts  off 
folds  involving  rocks  as  young  as  the  Orinda  Formation  and  it 
cuts  off  the  gently-dipping  King  Canyon  fault  which  cuts 
rocks  as  young  as  upper  Monterey  Group  (Figure  5),  indicat- 
ing that  the  Miller  Creek  fault  is  one  of  the  youngest  structures 
in  the  area.  Our  limited  trenching  program  focused  on  the  area 
around  Kaiser  Creek  Canyon  and  none  of  our  trenches  con- 
tained well-developed  soil  or  alluvial  horizons,  so  assessment 
of  Holocene  activity  is  difficult.  In  one  trench  (Figure  4),  a 
shear  may  cut  upward  into  colluvial  soil,  but  the  contact  be- 
tween in-place,  weathered  bedrock  and  colluvial  soil  is  poor- 
ly-defined in  the  trench  and  the  relationships  are  equivocal. 
However,  no  prc-Holocenc  strata  overlap  the  fault  trace,  and, 
in  trench  exposures,  the  dip  of  shears  within  the  fault  zone 
decreases  toward  the  ground  surface  and  the  fault  splays  up- 
ward into  weathered  bedrock,  suggesting  that  the  shears 


formed  with  the  ground  surface  at  approximately  the  same 
level  as  today.  Alluvium  appears  to  be  ponded  upstream  of  the 
Miller  Creek  fault  in  the  three  major  drainages  crossed  by  the 
fault  (Figure  5).  Ponding  of  alluvium  is  consistent  with  reverse, 
slip  because  the  hanging  wall  is  on  the  downstream  side  of  the 
fault.  In  addition,  one  drainage  may  be  deflected  by  the  fault . 
These  relations  suggest  that  the  Miller  Creek  fault  may  be  an 
active  fault,  but  additional  study  is  required  for  confirmation. 

Within  the  USLR  area,  the  Miller  Creek  fault  forms  the 
contact  between  the  undifferentiated  upper  and  middle 
Monterey  Group  and  the  Orinda  Formation.  This  contact  can 
be  followed  away  from  the  study  area  on  existing  maps  (Rad- 
bruch,  1969;  Dibblee,  1980a;  Wagner,  1978).  In  the  Berkeley 
Hills,  about  10  km  north  of  USLR,  this  contact  separates  the 
Claremont  and  Orinda  Formations  and  is  mapped  as  a  deposi- 
tional  contact  (Radbruch,  1969;  Dibblee,  1980a),  but  bedding 
is  overturned  adjacent  to  this  contact  and  the  Claremont  For- 
mation is  sheared  within  30-60  m  of  the  contact  (Wagner, 
1978),  suggesting  that  the  Miller  Creek  fault  continues  north- 
ward to  the  point  where  this  contact  is  cut  off  by  the  Wildcat 
fault,  14  km  north  of  USLR.  The  sense  of  overturning  in  the 
folds  adjacent  to  this  contact  in  the  Berkeley  Hills  (Wagner, 
1978)  is  compatible  with  west  side-up  (reverse)  slip.  The  Mill- 
er Creek  fault  can  also  be  followed  5  km  southward  of  USLR 
until  it  merges  with  the  Palomares  fault  (Crane,  1988).  The 
Miller  Creek-Palomares  fault  system  extends  for  a  total  of 
about  35  km. 

Several  small  (<300  m  )  offsets  of  the  contact  inferred  to  be 
Miller  Creek  fault  have  been  mapped  in  the  Oakland  East 
Quadrangle  (Radbruch,  1969).  Based  on  the  available  field 
data  it  is  not  possible  to  determine  whether  these  offsets  post- 
date or  are  synchronous  with  movement  on  the  Miller  Creek 
fault. 
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Lafayette  fault:  Although  the  Lafayette  fault  has  been 
mapped  as  a  probable  strike-slip  fault  in  this  area  (Dibblee, 
1980;  Wagner,  1978),  several  prominent,  northwest-southeast 
striking,  resistant  sandstone  beds  on  Ramage  Peak  cross  the 
mapped  trace  without  apparent  offset  (Figure  5).  Therefore, 
the  Lafayette  fault  probably  terminates  at  its  intersection  with 
the  Bollinger  fault.  The  Lafayette  fault  may  function  as  a  tear 
fault  connecting  the  Bollinger  thrust  fault  with  other  thrust 
faults  to  the  north. 

Cull  Canyon  fault:  The  Cull  Canyon  fault  was  mapped  as 
following  the  bottom  of  Cull  Canyon  by  Crane  (1988).  On  the 
basis  of  our  field  mapping  we  cannot  confirm  or  preclude  the 
existence  of  this  fault.  If  such  a  fault  exists  it  must  either  die 
out  south  of  the  Ramage  Peak  resistant  sandstone  beds  or  veer 
to  the  northeast  and  intersect  the  Cull  Creek  fault  described 
below. 

Moraga  fault:  The  Moraga  thrust  fault,  a  major  fault  in  the 
Berkeley  Hills  to  the  northwest  of  the  study  area,  has  been 
mapped  in  this  area  by  Wagner  (1978),  but  not  by  Dibblee 
(1980a).  A  trench  through  Wagner's  mapped  trace  1  km  north 
of  Kaiser  Creek  exposed  a  fault  with  significantly  different 
strike  and  opposite  dip  compared  to  the  Moraga  fault  proposed 
by  Wagner  (1978).  Apparent  separation  on  this  fault  does  not 
exceed  200  m  (and  may  be  considerably  less)  and  we  do  not 
believe  that  this  is  the  Moraga  fault. 

King  Canyon  fault:  The  fault  contact,  at  the  ground  surface, 
between  the  Panoche  and  Claremont  Formations  in  the  study 
area  is  here  named  the  King  Canyon  fault.  This  fault  trends 
northwestward  from  its  intersection  with  the  Miller  Creek 
fault  near  Miller  Creek  into  the  Oakland  East  quadrangle, 
where  it  is  truncated  by  the  San  Leandro  Creek  fault  (Case 
1968,  Silk  and  Jones  1991).  The  King  Canyon  fault  dips  25- 
40°  to  the  northeast  and  places  Miocene  Claremont  Formation 
over  upper  Cretaceous  Panoche  Formation.  No  movement 
indicators  were  observed  along  the  fault,  but  the  younger-on- 
older  juxtaposition  of  units  suggests  a  significant  component 
of  normal-sense  offset.  The  amount  of  displacement  on  this 
fault  cannot  be  determined  in  the  USLR  area.  The  fault  plane 
is  folded  and  offset  by  several  faults  which  are  in  turn  truncat- 
ed by  the  west  branch  of  the  Miller  Creek  fault,  indicating  that 
the  King  Canyon  fault  is  an  older  Tertiary  fault. 

Cull  Creek  fault:  This  fault  was  mapped  by  Ham  (1952)  as 
striking  subparallel  to  bedding,  passing  several  hundred 
meters  west  of  Ramage  Peak.  A  prominent  air  photo  linea- 
ment that  extends  southward  from  the  Moraga  fault  trace 
mapped  by  Radbruch  (1969)  appears  to  correspond  to  the  Cull 
Creek  fault.  No  mapped  structures  or  marker  beds  cross  this 
fault.  Within  the  study  area,  this  fault  appears  to  be  vertical  to 
steeply  southwest  dipping,  but  the  dip  may  vary  to  steeply 
northeast  dipping  along  strike.  Alluvium  may  be  ponded  up- 
stream of  the  crossing  of  the  fault  at  Sanders  Ranch,  suggest- 
ing possible  Quaternary  west-side-up  movement.  Because  of 
poor  exposure  we  could  not  determine  whether  this  fault  rep- 


resents a  southern  continuation  of  the  Moraga  fault.  The  fault 
is  flanked  on  both  sides  by  Orinda  Formation.  Thus,  it  appears 
that  offset  on  this  fault  is  relatively  small. 

SUBSURFACE  FAULT  GEOMETRY 

Although  there  are  abundant  and  detailed  data  available 
from  geologic  mapping  in  this  area,  it  is  difficult  to  confident- 
ly project  many  of  the  mapped  features  to  any  significant 
depth  based  on  these  data  alone.  Direct  subsurface  information 
in  the  area  is  limited  to  electric  logs  from  several  relatively 
shallow  petroleum  exploration  wells  located  near  the  east 
margin  of  the  study  area.  Kinematic  models  of  thrust  faults, 
developed  and  tested  in  better-characterized  compressional 
belts,  provide  a  powerful  tool  to  help  predict  the  subsurface 
geometry  of  structures  in  this  area  and  to  tie  those  structures 
together  into  a  kinematically  reasonable,  balanced,  cross-sec- 
tion of  the  seismogenic  portion  of  the  crust.  In  the  absence  of 
detailed  sub-surface  data  several  different  cross  sections  can 
usually  be  constructed  which  all  meet  the  available  con- 
straints. We  present  a  section  that  illustrates  a  possible  solu- 
tion in  this  area,  but  other  subsurface  geometries  may  also  be 
possible. 

To  construct  our  balanced  cross  section  we  used  kinematic 
models  of  thrust  faults  of  John  Suppe  (Suppe,  1983,  1985)  and 
his  students  (e.g.,  Medwedeff  and  Suppe,  1984).  These  mod- 
els are  based  on  the  following  assumptions:  (1)  no  movement 
out  of  plane  of  section,  i.e.,  the  section  must  not  cross  strike- 
slip  or  oblique  slip  faults;  (2)  movement  of  a  thrust  sheet  over 
a  ramp  only  deforms  the  hanging  wall;  (3)  folds  are  kink- 
shaped;  (4)  constant  layer  thickness;  (5)  minimal  layer-parallel 
shortening;  and  (6)  folding  dominantly  by  bedding-parallel 
flexural  slip.  Based  on  field  relations  in  the  area  there  is  little 
evidence  for  significant  strike-slip  faulting  between  the  two 
bounding  faults  of  our  cross  section,  with  one  possible  excep- 
tion. A  mismatch  of  conglomerate  stratigraphy  across  the  East 
Chabot  fault  suggests  that  it  may  have  accomodated  a  large 
amount  (possibly  exceeding  100  km)  of  post-Cretaceous  right 
slip  (Seiders  and  Blome,  1988).  This  fault  is  located  near  the 
west  boundary  (the  Hayward  fault)  of  our  cross  section  (Fig- 
ure 6),  and  does  not  affect  the  modelling  of  subsurface  fault 
geometry  in  the  fold  and  thrust  belt  of  interest,  which  is  situat- 
ed to  the  east.  The  other  assumptions  are  met  fairly  well  by  the 
Tertiary  strata  in  this  area  and  although  there  is  some  regional 
stratigraphic  thickening  and  thinning  of  units,  it  is  not  enough 
to  affect  the  modeling  procedure.  The  Panoche  Formation  and 
the  lithologically  and  structurally  diverse  Franciscan  Com- 
plex, violate  the  assumption  of  flexural  slip  folding,  which 
requires  that  bedding  be  close  to  horizontal  at  the  onset  of 
deformation.  To  model  the  deformation  of  "basement"  (i.e. 
any  rocks  that  do  not  deform  by  flexural-slip)  we  have  adopt- 
ed the  model  of  Narr  (1990),  a  model  which  removes  the 
restriction  to  flexural  slip,  because  it  better  explains  the  kinked 
geometry  of  folds  within  the  Tertiary  section  than  alternative 
models.  Similar  types  of  balanced  cross  section  techniques 
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have  recently  been  applied  to  other  active  fold  and  thrust  belts 
in  California  (Smith  and  Angell,  1990;  Namson  and  Davis, 
1988;  Davis  and  others,  1989;  Medwedeff,  1989). 

The  section  we  present  (Figure  6)  runs  from  the  Hayward 
fault  on  the  west  to  the  Calaveras  fault  on  the  east  and  trends 
N50E,  perpendicular  to  the  major  structures  in  this  area.  In 
addition  to  the  Miller  Creek,  Cull  Creek  and  King  Canyon 
faults  described  above,  the  section  crosses  the  Bollinger,  and 
the  Las  Trampas  Ridge  faults.  These  faults  dip  west  with  re- 
verse separation  (Ham,  1952;  Wagner,  1978;  Dibblee,  1980a; 
Radbruch,  1969;  Jones  and  Brabb,  1991a,  1991b). 

Working  from  east  to  west  (Figure  6),  the  first  major  struc- 
ture west  of  the  Calaveras  fault  is  a  blind  thrust  duplex  pierced 
by  the  the  Las  Trampas  Unit  A  #1  and  Unit  A  #2  petroleum 
exploration  wells.  The  updip  projection  of  the  fault  in  this 
duplex  intersects  the  Calaveras  fault  200  m  beneath  San 
Ramon  valley.  There  is  no  topographic  evidence  in  this  area  to 
suggest  that  this  thrust  is  active. 


H 


30  km 


Figure  7.  Cross-section  of  seismicity  (M>1.3,  1980-1986)  in  vicinity 
of  study  area,  after  Hill  and  others  (1990),  view  to  the  NW. 
C=Calaveras  fault,  H=Hayward  fault.  Seismicity  is  projected  from  as 
far  north  as  the  Carquinez  strait  and  as  far  south  as  Milpitas, 
localities  that  are  50  km  NW  and  15  km  SE  of  the  study  area 
respectively.  Note  that  the  apparent  dip  of  the  Calaveras  fault  is 
probably  an  artifact  of  the  projection  because  the  deeper  seismicity 
along  the  Calaveras  trend  is  primarily  from  Concord  fault  and 
Calaveras-Concord  stepover  region  which  is  offset  to  the  east 
relative  to  Calaveras  fault  seismicity. 


The  next  major  structure  to  the  west  is  the  Bollinger  fault, 
which  is  exposed  on  Las  Trampas  Ridge.  This  fault  is  inferred 
to  be  a  ramp  which  splays  off  of  a  decollement  projecting 
downward  from  the  Las  Trampas  duplex  at  a  depth  of  1700  m. 
The  trailing  anticlinal  and  synclinal  hinges  of  a  fault  bend  fold 
above  this  ramp  have  been  preserved.  Just  west  of  the 
Bollinger  thrust  ramp  there  is  a  small  blind  thrust  which  has 
formed  a  fault-propagation  fold  in  its  hanging  wall  and  merges 
with  the  same  detachment  that  underlies  the  Bollinger  fault.. 

This  location  of  this  detachment,  constrained  by  the  geome- 
try of  the  overlying  folds,  is  inferred  to  be  stratigraphically 
controlled,  probably  by  a  weak  bed  in  the  Miocene  section. 
The  Miocene  and  older  section  here  was  apparently  tilted  to 
the  west  prior  to  the  start  of  thrusting.  This  is  best  seen  in  the  - 
dip  of  the  top  Eocene  horizon  picked  in  the  two  Las  Trampas 
wells.  Other  evidence  for  this  early  tilting  can  be  seen  in  the 
southwestward  thickening  and  coarsening  of  mid  to  upper 
Miocene  units  (Ham,  1952;  Wagner,  1978). 

West  of  the  blind  ramp,  a  domain  of  east-dipping  beds  lies 
above  the  main  detachment,  forming  the  west  limb  of  the  Kai- 
ser Creek  syncline.  These  beds  represent  the  leading  portion  of 
another  fault-bend  fold  formed  by  slip  over  another  ramp  far- 
ther to  the  west.  All  of  these  thrust  faults  and  associated  folds 
within  the  sedimentary  section  post-date  deposition  of  the  late 
Miocene  Orinda  Formation,  which  is  folded  concordantly  with 
older  Miocene  strata,  but  their  age  cannot  be  otherwise  con- 
strained and  they  could  still  be  active.  They  probably  formed 
successively  from  west  to  east,  as  fold  belts  tend  to  propagate 
in  the  direction  of  fault  motion,  but  this  cannot  be  further  con- 
strained by  available  field  data. 

The  Miller  Creek  fault  is  an  entirely  separate,  younger,  high- 
angle  reverse  fault  which  cuts  and  offsets  the  older  thrust  de- 
tachment. A  small  amount  of  recent  reverse  faulting,  that  de- 
veloped after  the  truncation  of  the  thrust  detachment,  may 
have  taken  place  along  the  Cull  Creek  fault. 

Apparently  vertical,  uninterrupted  zones  of  seismicity  ex- 
tend beneath  the  surface  traces  of  the  Hayward  and  Calaveras 
faults  to  depths  of  11  and  15  km  respectively  (Hill  and  others, 
1990)  (Figure7),  depths  that  likely  correspond  to  the  local 
brittle-ductile  transition.  To  accomodate  simultaneous  move- 
ment on  the  thrust  system  and  strike-slip  faulting  on  the 
bounding  faults,  the  thrust  system  must  branch  off  of  the  brit- 
tle-plastic transition  at  or  below  the  base  of  seismicity  of  the 
Hayward  fault.  In  this  way,  oblique  convergence  in  the  ductile 
lower  crust  could  be  partitioned  into  nearly  pure  strike-slip  on 
the  Hayward  fault  zone  and  nearly  pure  convergence  on  the 
thrust  fault  system.  Our  calculations  indicate  that  4.8  kilome- 
ters of  horizontal  shortening  (horizontal  component  of  total 
slip)  occurred  during  thrusting  in  this  area.  Over  the  present 
14.2  kilometer  width  of  the  domain  between  the  Hayward  and 
Calaveras  faults,  this  is  equivalent  to  25  percent  shortening. 
This  analysis  docs  not  include  possible  additional  shortening 
on  the  Cull  Creek  fault. 
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Although  the  Miller  Creek  fault  and  possibly  the  Cull  Creek 
fault  are  potentially  active,  the  lack  of  pronounced  fault-relat- 
ed geomorphology  suggests  that  slip-rates  are  low  and  recur- 
rence intervals  are  long.  If  deformation  has  been  occurring  for 
5  million  years  (age  of  the  youngest  deformed  strata,  Graham 
and  others,  1984),  then  the  total  of  4.8  kilometers  of  shorten- 
ing has  occurred  at  an  average  rate  of  1 .0  millimeters  per  year. 
If  shortening  has  occurred  only  since  the  plate  motion  change 
(that  resulted  in  a  larger  component  of  Coast  Range  compres- 
sion) at  3.4-3.9  Ma,  (Harbert,  1991)  then  the  average  rate  is 
1.4  millimeters  per  year. 

Slip  on  detachment  surfaces  is  thought  to  occur  largely  by 
creep  mechanisms  and  large  (M  >  6)  earthquakes  in  California 
typically  do  not  nucleate  at  depths  shallower  than  5  kilome- 
ters. In  view  of  this,  the  most  significant  potential  seismic 
source  the  thrust  system  in  the  USLR  area  is  the  Miller  Creek 
fault.  Other  components  of  the  thrust  system  are  all  so  limited 
in  extent  that  they  do  not  pose  a  significant  seismic  hazard. 
The  Miller  Creek  fault  has  a  down-dip  width  of  about  1 1  km 
and  an  estimated  along  strike  width  of  20  km.  In  the  unlikely 
event  that  this  entire  surface  slipped,  the  result  would  be  a  M 
6.3  earthquake  based  on  the  area-magnitude  relationships  of 
Wyss  (1979).  Partly  based  on  the  likelihood  of  segmentation 
along  the  fault,  suggested  by  offsets  of  the  MCF  by  other 
faults  mapped  by  Radbruch  (1969)  and  changes  in  fault  strike, 
we  believe  that  a  reasonable  maximum  earthquake  on  this 
fault  would  not  exceed  about  100  square  km  of  rupture  during 
the  main  shock,  which  would  result  in  about  a  M  6.0  earth- 
quake based  on  the  same  relationships  (Wyss,  1979). 

EAST  BAY  HILLS:  REGIONAL  TECTONIC 
IMPLICATIONS 

The  structural  relationships  observed  in  the  USLR  area  are 
representative  of  field  relations  in  general  between  the  Hay- 
ward  and  Calaveras  faults.  Convergent  faults  and  folds  are 


present  in  the  East  Bay  hills  for  many  kilometers  to  the  north- 
west and  southeast  of  the  USLR  area.  These  faults  lie  between 
strands  of  the  dextral  strike-slip  San  Andreas  fault  system  and 
have  been  attributed  both  to  dextral  simple  shear  of  the  crust 
(Page  1981;  Aydin  and  Page  1984)  and  to  partitioning  of  dex- 
tral transpressive  strain  into  a  strike  slip  component  on  weak 
strike-slip  faults  and  a  dip  slip  component  on  associated  con- 
vergent faults  (Zoback  and  others,  1987).  Plate  motion  models 
predict  about  4-13  mm/yr  convergence  across  the  Pacific- 
North  America  plate  margin  at  this  latitude  (DeMets  and  oth- 
ers, 1990;  Argus  and  Gordon,  1991;  Harbert,  1991),  compared 
to  about  48  mm/yr  parallel  with  the  margin  (DeMets  and  oth- 
ers, 1990).  Quaternary  dip-slip  faulting  east  of  the  Great  Val- 
ley, in  the  Sierra  Nevada  and  Basin  and  Range  provinces,  is 
all  extensional,  and  there  is  little  evidence  of  significant  off- 
shore convergence  (Melzer  and  Levander,  1991),  so  any  rela- 
tive plate  convergence  must  be  accomodated  within  the  Coast 
Ranges  or  along  its  eastern  border.  Geodetic  data  allow  for  no 
more  than  2-3  mm  per  year  of  convergence  within  the  Coast 
Ranges  (Lisowski  and  others,  1991).  Horizontal  shortening  of 
~1  mm/yr  in  the  East  Bay  Hills  portion  of  the  Coast  Ranges 
would  therefore  accommodate  a  significant  fraction  of  the 
overall  Pacific-North  America  convergence,  and  this  faulting 
is  likely  driven  in  part  by  strain  partitioning.  The  ~1  mm/yr 
shortening  rate  for  the  East  Bay  Hills  suggests  that  the  seismic 
hazard  from  thrust  faulting  in  the  area  is  significant  but  still 
subordinate  to  the  seismic  hazard  posed  by  the  bounding  Hay- 
ward  and  Calaveras  faults  that  accomodate  8-10  mm/yr  and  6- 
8  mm/yr  of  strike-slip  motion  respectively  (Lienkaemper  and 
others,  1991;  Prescott  and  others,  1981). 
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Los  Medanos  Segment,  Greenville-Clayton 
Structural  Trend,  Contra  Costa  County,  California 

By 

Philip  R.  Patten1  and  William  B.  Wigginton2 


ABSTRACT 

Proposed  construction  by  Caltrans,  BART,  and  private  developers  prompted  the  study  of  known  and  sus- 
pected faults  in  the  vicinity  of  Willow  Pass,  near  Concord.  In  1980  two  earthquakes,  M  =  5.5  and  M  =  5.6, 
occurred  to  the  south  on  the  Greenville-Clayton  structural  trend,  with  surface  rupture  observed.  The  possible 
relation  of  local  faults  to  the  seismically  active  Greenville-Clayton  structural  trend  is  explored.  The  term  "Los 
Medanos  segment"  is  used  to  refer  to  the  northwesterly  projection  of  the  Clayton  fault. 

Willow  Pass,  located  at  the  northerly  end  of  the  Los  Medanos  Hills,  traverses  a  generally  northeast-dipping 
sequence  of  Eocene  through  Plio-Pleistocene  bedrock  with  a  local  anticlinal  fold.  Three  types  of  faulting  are 
present:   Strike-slip  hill-front  faulting,  a  set  of  normal  faults  oblique  to  the  frontal  fault  and  a  thrust  fault  sys- 
tem. There  is  no  evidence  of  Holocene  offset  on  any  faults  in  the  Willow  Pass  area.  The  results  of  our  on- 
site  study  in  the  Willow  Pass  area  suggests  that  the  Clayton  fault  does  not  extend  this  far  north  as  an  active 
throughgoing  fault. 


INTRODUCTION 

The  Greenville-Clayton  trend  is  a  structural  and  geomorphic 
feature  which  extends  more  than  100  miles  from  Suisun  Bay, 
on  the  northwest,  southeasterly  along  the  east  flank  of  Mount 
Diablo  and  southward  across  the  Livermore  Valley.  The  trend 
from  the  town  of  Clayton  southward  includes  three  named 
fault  segments.  Beginning  on  the  northwest  these  are  the  Clay- 
ton, Marsh  Creek-Greenville,  and,  on  the  southeast,  the  Ar- 
royo Mocho  segment.  In  addition,  northwest  of  the  town  of 
Clayton,  on  trend,  the  term  "Los  Medanos  segment"  is  some- 
times used  for  the  northwesterly  projection  of  the  Clayton 
fault. 

On  January  24,  1980,  a  magnitude  5.5  earthquake  was  cen- 
tered on  the  Marsh  Creek-Greenville  segment,  nine  miles 
northwest  of  Highway  1-580  and  20  miles  southeast  of  Willow 
Pass.  Another  earthquake  two  days  later,  M  =  5.6,  was  cen- 
tered 2  miles  north  of  the  highway,  in  the  Livermore  area. 
Active  fault  rupture  related  to  these  two  events  occurred. 

Fourteen  miles  to  the  northwest,  near  the  town  of  Clayton 
(and  6  miles  south  of  Willow  Pass)  suspected  Holocene  offset 
on  the  Clayton  segment  is  described  by  Woodward-Lundgren 
Associates  (1974)  and  others.  Historically  there  has  been  no 
known  surface  fault  rupture  on-trend  northerly  from  this  point. 


Recent  design  and  construction  activity  relating  to  BART 
and  Highway  4  improvements  as  well  as  private  projects 
makes  it  desirable  to  know  whether  the  Clayton  fault  extends 
into  the  Willow  Pass  area  as  an  active  throughgoing  fault. 

DESCRIPTION  OF  THE  AREA 

Willow  Pass,  traversed  by  State  Route  4,  is  a  prominent 
windgap  across  the  northwest-trending  Los  Medanos  Hills 
east  of  Concord,  California  (Figure  1,  Figure  2).  These  hills 
have  a  mature  topography  of  rounded  grassy  slopes,  with  a 
well-developed  drainage  pattern;  there  are  bedrock  exposures 
in  road  cuts  but  few  natural  bedrock  outcrops.  The  main  hu- 
man modifications  in  the  study  area  are  the  P.  G.  and  E.  gas 
field  with  its  surface  and  subsurface  facilities  near  the  summit 
of  the  pass,  the  Naval  Reservation  (generally  off-site  to  the 
west),  and  Highway' 4  with  its  interchange  and  frontage  roads. 

Geologic  Setting 

The  Los  Medanos  Hills  are  a  faulted  northeast-dipping  ho- 
mocline  of  Eocene  through  Pliocene  sediments  and  volcano- 
elastics,  with  minor  flows.  Slightly  tilted  late  Pleistocene  (to 
Recent?)  terrace  deposits  occur  along  the  north  side  of  the 
hills.  At  the  northwest  end  of  the  hills  the  section  is  folded  and 
locally  overturned,  forming  a  recumbent  anticline. 
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Figure  1 .  Location  Map  of  northwest  Los  Medanos  Hills. 
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Marine  sandstone  and  siltstone  of  the  Eocene  Markley  for- 
mation are  exposed  on  the  southwest  side  of  the  Los  Medanos 
Hills  and  on  the  higher  elevations.  Overlying  the  Eocene  are: 
Tuff  and  tuffaceous  sediments  of  the  Oligocene  (?)  Kirker 
Formation  (Primmer,  1964),  the  Miocene  Cierbo  and  Neroly 
sandstones  of  the  "San  Pablo"  group,  the  Pliocene  Lawlor  tuff, 
and  Plio-Pleistocene  non-marine  elastics,  variously  termed 
Tehama,  Wolfskill,  Los  Medanos,  etc.  (Patten,  1948).  Isolated 
occurrences  of  basalt  are  Pliocene  or  possibly  younger  in  age. 

In  the  Willow  Pass  area  and  at  some  localities  to  the  south 
and  east,  the  "San  Pablo"  (Cierbo  and/or  Neroly  Formation)  is 
separated  from  the  underlying  Markley  by  a  zone  of  probable 
Kirker  formation  equivalent  (Oligocene  age). 

FAULTING  IN  THE  WILLOW  PASS  AREA 

Three  types  of  faulting  exist  in  the  Willow  Pass  area:  (1) 
Hill  front  faulting  on  trend  with  the  mapped  Clayton  fault  to 
the  southeast  and  possibly  representing  the  Los  Medanos  seg- 
ment; for  discussion  we  term  this  the  Frontal  fault.  (2)  A  set  of 
faults  within  the  hills  and  oblique  to  the  Frontal  fault.  (3)  The 
Los  Medanos- Willow  Pass  thrust  fault  system.  None  of  these 
faults  falls  within  a  State  mandated  A-P  Special  Study  zone 
(Alquist-Priolo). 

The  Frontal  Fault 

This  fault,  or  series  of  fault  segments,  is  roughly  aligned 
with  the  northward  projection  of  the  Clayton  fault,  Los  Meda- 
nos segment  (Wright  and  others,  1982).  The  possible  identifi- 
cation of  the  Frontal  fault  system  with  a  throughgoing  Clayton 
fault  (Dibblee,  1981;  Sims  and  others,  1973)  is  a  matter  of 
importance  to  major  construction  projects  in  the  Willow  Pass 
area.  Assessment  of  the  potential  for  tectonic  fault  creep  or 
sudden  earthquake  induced  ground  rupture  is  a  design  require- 
ment. 

Extending  for  more  than  1,500  feet  northwesterly  from  the 
junction  of  Evora  and  Willow  Pass  Roads  (near  Highway  4), 
several  exploratory  trenches  by  various  geotechnical  consult- 
ing firms  have  exposed  bedrock  shearing  which  is  interpreted 
as  a  high  angle  fault  zone.  Evidence  exposed  in  additional 
trenching  to  the  southeast  suggests  discontinuous  en  echelon 
faulting  (Figures  2  and  3). 

In  ENGEO  trench  N-l  (Figure  3,  #1),  the  unconformable 
contact  between  cemented  Pliocene  conglomerate,  on  the 
southwest,  and  the  Markley  sandstone  has  an  apparent  dis- 
placement of  three  feet;  in  the  Woodward-Clyde  trench  1  (Fig- 
ure 3,  #6),  apparent  displacement  of  the  contact  between  simi- 
lar cemented  conglomerate  (on  the  northeast)  with  Markley  is 
20  feet  with  an  opposite  sense  of  movement  from  trench  N-l, 
above.  In  the  intervening  ENGEO  trench  N-2  and  Harding- 
Lawson  Associates  (HLA)  trench  A  (Figure  3,  #3  and  #4, 
respectively)  the  fault  separates  Miocene  sandstone  from  the 
Eocene  Markley  Formation. 

Soil  cover  is  poorly  developed  or  absent  in  most  of  the  ex- 
ploratory trenches  in  the  study  area,  precluding  positive  deter- 


mination of  Holocene  activity.  However,  there  is  no  offset  of 
surface  soils  where  present.  In  reviewing  the  ENGEO  trenches 
and  HLA  trench  A  (Figure  3,  #1,  #3,  #4),  Shlemon  (1989) 
noted  that,  although  the  scant  soil  cover  probably  represents 
only  a  few  thousand  years,  the  linear  (low  sinuosity)  trend  of 
the  observed  shearing  has  little  or  no  topographic  expression 
along  the  deeply  embayed  hill  front,  which  suggests  no  Holo- 
cene activity. 

Possible  Separate  Segment,  En  Echelon 

South  of  the  Highway  4  interchange,  Geotechnical  Consult- 
ants, Inc.  (GCI)  in  trench  PAX  T-l  (Figure  3,  #8)  found  an 
apparent  unconformable  contact  between  Pliocene  rock  (on 
the  southwest)  and  the  Markley  Formation,  overturned  to  the 
west.  At  the  southwest  end  of  the  trench,  deep  soil  and  fill  to  a 
depth  of  14  feet  at  the  bottom  of  the  trench  may  have  con- 
cealed a  fault.  However,  GCI  conclude  that  PAX  T-l  crossed 
no  significant  fault  (personal  communication). 

A  trench  by  Woodward-Clyde  (Figure  3,  #9)  showed  mas- 
sive intact  Markley  at  the  northeast.  This  passed  westerly  into 
a  zone  of  sheared  sandstone  impregnated  with  white  carbonate 
material  in  bedrock  and  disseminated  carbonate  in  the  thin  soil 
cover.  This  suggests  a  separate  fault  in  or  close  to  this  trench. 

Los  Medanos  Thrust  System 

Wildcat  and  development  drilling  in  the  Willow  Pass  and 
Los  Medanos  gas  fields  (T2N-R1 ,2W)  has  revealed  a  south- 
west-verging thrust  fault  system,  known  as  the  Los  Medanos- 
Willow  Pass  thrust,  which  displaces  Markley  and  older  Eo- 
cene rocks  within  the  gas  fields.  Figuers  (1991)  suggests  that 
thrusting  is  probably  more  extensive  and  complex  than  shown 
in  the  published  subsurface  mapping  of  Matthews  (1963)  and 
Roth  and  Maxwell  (1964).  The  thrust  zone  is  moderately  to 
steeply  inclined  (50-60  degrees)  within  the  gas  fields;  we  be- 
lieve, based  upon  these  data,  that  it  flattens  to  the  southwest 
(Figures  4,  5  and  6)  and  that  it  does  not  outcrop  as  previously 
mapped  (Dibblee,  1981).  Displacement  is  about  2,000  feet  on 
the  inclined  fault  plane  (see  Figure  4). 

Oblique  Faults 

Several  north-trending  high  angle  normal  faults  have  been 
mapped  on  the  surface  and  appear  on  the  published  subsurface 
mapping,  oblique  to  the  trend  of  the  previously  described 
Frontal  fault.  Two  of  these  faults  have  been  exposed  in  explor- 
atory trenches  east  of  the  Willow  Pass  summit  (e.g.,  locality 
#10,  Figure  2),  displacing  bedrock  as  young  as  Pliocene  but 
without  evidence  of  Holocene  offset. 

Where  these  faults  are  recognized  in  subsurface  mapping  of 
the  gas  fields,  they  appear  to  displace  the  Los  Medanos  thrust. 
Some  of  these  cross  faults  appear  to  terminate  against  the 
Frontal  fault.  Published  cross  sections  (e.g.,  Figure  4)  show  an 
offset  of  the  Los  Medanos  thrust  of  about  80  feet  (northeast 
side  up). 
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Figure  4.  Cross  section  A-A',  northwest  Los  Medanos  Hills  (after  Roth  and  Maxwell,  1964). 
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Figure  5.  Cross  section  B-B',  northwest  Los  Medanos  Hills. 
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Figure  5  Cross  section  C-C,  northwest  Los  Medanos  Hills. 
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SEISMICITY 

Only  scattered  epicenters  have  been  located  in  the  northern- 
most Los  Medanos  Hills  and  adjoining  eastern  Clayton  Valley 
during  the  past  30  years,  and  these  represent  events  of  M  =  2.0 
or  less,  Richter.  However,  the  1955  Concord  earthquake  (M  = 
5.5),  was  followed  3  days  later  by  a  M  =  4.3  aftershock  cen- 
tered on  the  mapped  trace  of  one  of  the  oblique  normal  faults 
described  above  (Figure  2).  This  aftershock  may  reflect  sym- 
pathetic response  and  does  not  necessarily  indicate  activity  on 
this  fault. 

There  have  been  no  reports  of  well  casing  damage  or  other 
mechanical  problems  in  the  Los  Medanos  gas  field  attribut- 
able to  local  faults. 

DISCUSSION 

The  Clayton  fault,  as  it  is  shown  on  maps  by  Dibblee  (1980) 
and  revised  by  Crane  (1988),  is  not  continuous  with  the  Marsh 
creek  segment  but  appears  to  originate  along  the  eastern  flank 
of  Mount  Diablo,  extending  northward  to  the  vicinity  of  Bai- 
ley Road  where  it  displaces  outcropping  Tertiary  basalt,  about 
4  miles  southeast  of  the  study  area  (Brabb  and  others,  1971; 
Dibblee,  1980).  Beyond  this  point,  the  projection  of  the  Clay- 
ton fault  into  the  Willow  Pass  area  is  conjectural,  but  if  the 
Los  Medanos  segment  of  the  Greenville  trend  is  represented 
by  our  Frontal  fault,  it  is  not  a  throughgoing  feature  in  the 
Willow  Pass  area. 


Stated  another  way,  if  the  Frontal  fault  (or  other  faults  in  the 
Willow  Pass  area)  is  a  northward  extension  of  the  Clayton 
fault  it  is  not  an  active  segment  (Wright  and  others,  1982). 
Some  workers  such  as  Wright  and  others  (1982)  have  suggest- 
ed that  the  Clayton  fault  may  lie  further  to  the  west  beneath 
the  valley  floor. 

The  relationship  of  the  Frontal  fault,  the  oblique  faults,  and 
the  thrust  faulting  at  Willow  Pass  remains  unresolved.  We 
believe  that  the  Los  Medanos-Willow  Pass  thrust  system  does 
not  outcrop  as  such,  but  the  Frontal  fault  may  have  resulted 
from  adjustments  on  the  upper  thrust  plate  rather  than  as  a 
separate  feature.  If  the  oblique  faults  are  conjugate  to  the 
Frontal  fault,  their  orientation  suggests  right-lateral  movement 
on  the  Frontal  fault. 

SUMMARY 

In  summary,  the  Los  Medanos  segment  of  the  Greenville- 
Clayton  structural  trend,  is  not  an  active  tectonic  feature  in  the 
Willow  Pass  area. 

Geologists  for  Earth  Science  Associates,  ENGEO,  Harding- 
Lawson  Associates,  and  others  are  in  general  agreement  that  if 
the  Los  Medanos  segment  is  an  extension  of  the  Clayton  fault 
it  is  not  an  active  fault  zone.  The  Los  Medanos  Frontal  fault 
may  abe  unrelated  to  the  Clayton  fault. 
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Seismic  Hazard  Evaluation  of  the  Vaqueros  Faults 
in  Eastern  Contra  Costa  County,  California 

by 
Norma  E.  Biggar1  and  Ivan  G.  Wong2 


ABSTRACT 

A  group  of  northward-trending  faults  on  the  northeast  flank  of  the  Mt.  Diablo  antiform  were  evaluated  with 
regard  to  their  seismogenic  potential  during  geological,  seismological  and  geophysical  investigations  of  the 
proposed  Los  Vaqueros  Dam  site  in  eastern  Contra  Costa  County.  The  faults,  collectively  referred  to  as  the 
Vaqueros  faults,  include  the  Brentwood,  Kellogg,  Vaqueros,  Davis,  and  Camino  Diablo  faults.  They  occur 
along  the  southern  projection  of  the  Antioch  fault  and  in  the  area  directly  east  and  north  of  the  more  north- 
westerly-trending, active  Marsh  Creek-Greenville  segment  of  the  Greenville  fault  zone.  This  fault  segment 
was  the  source  of  the  damaging  1980  ML  5.9  and  5.3  Livermore  earthquakes.  The  maximum  separation  of 
Cretaceous  and  Tertiary  units  along  any  of  the  Vaqueros  faults  is  1425  m  in  a  right-slip  sense,  or  650  m  in  a 
normal  sense.  Although  the  level  of  seismicity  in  the  vicinity  of  the  Vaqueros  faults  appears  to  be  low  and  is 
not  clearly  associated  with  the  mapped  faults,  focal  mechanism  data  suggest  that  north-trending  faults 
could  be  potentially  active  in  the  northeast-southwest  oriented  compressive  tectonic  stress  field.   In  order  to 
evaluate  their  seismogenic  potential,  seven  exploratory  trenches  were  excavated  across  six  of  the  faults. 
Of  particular  concern  was  a  possible  fault  at  the  dam  site.  This  fault  was  hypothesized  on  the  basis  of  re- 
flector terminations  on  high-resolution  shallow  seismic  reflection  lines  and  stratigraphic  discontinuities  inter- 
preted between  boreholes.  Analysis  of  soil  stratigraphy  exposed  in  trenches  and  geomorphic  analyses 
along  faults  reveals  no  evidence  indicating  that  the  Vaqueros  faults  have  been  active  in  Holocene  time. 
The  observed  displacements  on  the  Vaqueros  faults  appear  to  be  associated  with  the  formation  of  the  Mt. 
Diablo  antiform,  beginning  about  3  million  years  ago,  rather  than  due  to  direct  accommodation  of  plate  mo- 
tion in  the  present-day  San  Andreas  fault  system. 


INTRODUCTION 

The  seismogenic  potential  of  the  Vaqueros  faults  was  ad- 
dressed during  the  development  of  feasibility  designs  for  Con- 
tra Costa  Water  District's  proposed  Los  Vaqueros  Dam  in 
eastern  Contra  Costa  County.  Geological,  seismological  and 
geophysical  investigations  were  undertaken  from  1987 
through  1989  by  Woodward-Clyde  Consultants  (WCC)  for  an 
area  centered  along  Vasco  Road,  east  of  Mt.  Diablo,  and  south 
1  and  west  of  the  towns  of  Brentwood  and  Byron,  respectively 
(Figure  1). 

Previous  geologic  studies  by  the  California  Department  of 
Water  Resources  (DWR),  the  U.S.  Bureau  of  Reclamation 
(USBR),  the  U.S.  Geological  Survey  (USGS),  and  others  had 


identified  three  faults,  the  Brentwood,  Kellogg,  and  Vaqueros 
faults,  that  cross  the  study  area.  For  the  purposes  of  our  study, 
these  three  faults  and  the  nearby  Davis  and  Camino  Diablo 
faults  (Figure  lb)  are  collectively  referred  to  as  the  Vaqueros 
faults.  These  subparallel  faults  occur  in  a  zone  about  16  km 
long  and  8  km  wide  on  the  northeast  flank  of  the  Mt.  Diablo 
uplift.  Although  previous  studies  had  interpreted  an  apparent 
association  of  seismicity  with  these  faults,  they  concluded  that 
the  Vaqueros  faults  have  not  experienced  surface  displace- 
ment in  Holocene  time  (DWR,  1978;  1981). 

The  purpose  of  the  detailed  studies  described  in  this  paper 
was  to  confirm  that  the  engineering  design  developed  for  the 
proposed  dam  was  based  on  adequate  design  criteria  for  fault 
displacement  and  strong  ground  shaking.  These  studies  in- 


1  Woodward-Clyde  Federal  Services,  101  Convention  Center  Drive,  Suite  P110,  Las  Vegas,  NV  89109 

2  Woodward-Clyde  Consultants,  500  12th  Street,  Oakland,  CA  94607 


365 


366 


DIVISION  OF  MINES  AND  GEOLOGY 


E* 
ro  z 


en   9?    CD 
id    o    0) 

Q^  8 
%t  8 

o  o  iS 

'=  s  £ 

<.Qo 

CD    CO    CD 

£  co  £ 

O    CD    O 
£     °>     Q. 

3-y  s 

-  CO  £ 

lis 

m  2  c 

r   o    i 
s;  »-   to 

<"  §  o) 

CD    O    01 

o  E  "o 

g  «* 

CD  CD  _ 

>  M  O 

— '  <D  fc 

O  ~~  W 

CO  «|  o 

o>  o  ** 
CD 

»  ~"  -2 

8lg 

3     CO     3 
O     O     <5 

•;      CO      O 

=>  b  - 


L.WU.S 


1992 


PROCEEDINGS  OF  THE  SECOND  CONFERENCE 
ON  EARTHQUAKE  HAZARDS  IN  THE  EASTERN  SAN  FRANCISCO  BAY  AREA 


367 


LEGEND 

Te  Undivided  strata  of  Eocene  age 
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Figure  2.  The  Vaqueros  faults  are  most  easily  mapped  in  the  distinctive  Tertiary  formations  at  the  northern  half  of  the  map,  and  are  very 
difficult  to  trace  in  the  siltstones  of  the  Panoche  Formation.  The  faults  dip  steeply  to  the  east;  maximum  observed  stratigraphic  separation 
was  1425  m  in  a  right-lateral  sense,  or  alternatively  about  650  m  of  normal  slip.  Note  that  the  amount  of  separation  decreases  to  the 
south.  Locations  of  faults  as  previously  mapped  by  DWR  are  shown  by  stippled  pattern. 
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Figure  3.  Relocated  earthquakes  recorded  by  UCB,  1940-1968.  Error  bars  represent  one  epicentral  standard  error  (from  Wong 
and  Biggar,  1989). 


eluded:  (1)  a  review  of  regional  and  local  geologic  and  seis- 
micity  data;  (2)  analysis  of  aerial  photographs;  (3)  geologic 
field  mapping  to  better  identify  and  correlate  rock  units  across 
suspected  faults;  (4)  the  examination  of  continuous  core  col- 
lected from  about  50  boreholes  across  the  dam  site;  (5)  con- 
ducting 170  m  of  shallow  high  resolution  seismic  reflection 
surveys  in  the  channel  area  of  Kellogg  Creek;  (6)  excavation 
and  interpretation  of  400  m  of  trenches  across  faults  and  bed- 
rock shears  to  characterize  these  structures;  and  (7)  a  revalua- 
tion of  seismicity  data  to  refine  the  locations  and  derive  focal 
mechanisms  for  local  earthquakes. 

PREVIOUS  INVESTIGATIONS 

The  Vaqueros  faults  were  originally  mapped  by  Colburn 
(1961)  and  have  been  shown  on  subsequent  maps  and  compi- 
lations by  Rogers  (1966),  Brabb  and  others  (1971),  and  Dib- 
blee  (1980a,  1980b).  These  maps  all  indicate  a  series  of  north- 
trending  faults  through  the  study  area,  but  differ  with  regard  to 
their  locations  and  possible  connections  to  the  more  regional 
faults,  in  particular  to  the  Antioch  fault  to  the  north. 

The  bedrock  faults  and  shears  in  the  more  immediate  vicini- 
ty of  the  proposed  dam  site  were  mapped  during  various  engi- 
neering geology  studies  conducted  since  the  early  1960s.  In 
1978,  DWR  excavated  65  trenches  to  more  accurately  esti- 
mate the  Ux:ation  and  extent  of  the  Brentwood,  Kellogg,  Va- 


queros, and  Davis  faults  (DWR,  1978).  Begg  (1977)  de- 
scribed the  soils  observed  in  the  trenches,  and  assigned  esti- 
mated soil  ages  to  better  assess  the  activity  of  the  excavated 
faults. 

TECTONIC  SETTING  AND  CHARACTER 
-OF  THE  LOS  VAQUEROS  FAULTS 

The  Vaqueros  faults  are  located  at  the  eastern  edge  of  the 
Coast  Ranges  tectonic  province,  near  the  boundary  with  the 
Sierran  crustal  block  to  the  east  (Wong  and  others,  1988). 
Much  of  the  Coast  Ranges  province  is  tectonically  dominated 
by  right-slip  deformation  on  northwest-trending  faults  of  the 
San  Andreas  fault  system.  The  closest  of  these  faults  to  the 
study  area  is  the  Greenville  fault  system;  the  Marsh  Creek- 
Greenville  segment  of  this  system  is  located  a  few  kilometers  to 
the  southwest  of  the  proposed  dam  site.  The  study  area  is  un- 
derlain by  Cretaceous  and  Tertiary  marine  sedimentary  rock 
that  dip  northeastward  from  the  Mt.  Diablo  antiform.  The  last 
major  uplift  of  the  antiform  occurred  within  the  past  3  million 
years,  based  on  a  3.4-million-year-old  date  from  the  tilted  Putah 
tuff  on  the  north  side  of  the  Diablo  Range  (Colburn,  1961). 

The  Vaqueros  faults  occur  along  the  northeastern  flank  of 
the  Mt.  Diablo  antiform,  trend  northerly,  and  exhibit  cither 
right-lateral,  or  normal  separation,  or  a  combination  of  both. 
Other  similar-appearing  faults  have  been  mapped  by  Colder 
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Figure  4.  Relocated  earthquakes  recorded  by  the  USGS,  1969  to  30  September  1988.  The  Livermore  sequence  from  24 
January  1980  to  27  January  1981  was  not  relocated  (from  Wong  and  Biggar,  1989). 


Associates  (1988)  8  km  to  the  west  of  the  Vaqueros  faults. 
The  locations  of  the  faults  are  most  readily  discerned  by  linear 
tonal  contrasts  of  soils,  abrupt  termination  of  resistant  rock 
units,  and  unusual  drainage  patterns.  The  faults  form  a  group 
of  semi-parallel  structures  linked  by  northwest-trending  cross 
faults  (Figure  2).  Various  investigators  (e.g.,  Wagner  and 
others,  1991)  show  the  Davis  fault  merging  with  the  Antioch 
fault  to  the  north  and  the  Brentwood  fault  to  the  south  (Brabb 
and  others,  1971).  The  latter  also  link  the  Vaqueros  fault  in 
the  study  area  to  the  Sherman  Island  fault  to  the  north  (Figure 
1). 

Offset  along  the  faults  is  best  defined  in  the  Eocene  strata 
and  Cretaceous  Deer  Valley  Sandstone  exposed  in  the  north- 
ern half  of  the  study  area  (Figure  2).  Stratigraphic  markers  in 
the  Moreno  Formation  are  less  distinctive  and  outcrops  are 
less  common.    Within  the  underlying  Panoche  Formation,  the 
faults  become  difficult  to  trace  in  the  massive  siltstone  that 
underlies  the  proposed  reservoir  area.  Different  interpreta- 
tions regarding  the  locations  of  faults  are  shown  on  Figure  2. 
The  observed  stratigraphic  separation  along  the  Vaqueros 
faults  is  summarized  on  Table  1 .  As  indicated  by  these  data, 
observed  separations  of  up  to  1425  m  decrease  rapidly  both  to 
the  north  and  south  along  the  faults.  Alternatively,  observed 
separation  on  one  fault  may  be  transferred  to  a  sub-parallel, 
adjacent  fault  along  a  cross-fault. 


SEISMICITY 

The  historical  earthquake  record  for  the  study  area  contains 
41  earthquakes  of  approximately  Richter  magnitude  ML>  2.5, 
recorded  from  1940  (the  year  of  the  first  reported  earthquake) 
through  1968  by  the  University  of  California  at  Berkeley 
(UCB)  seismographic  network,  and  more  than  400  earth- 
quakes, ML  >  1.5  principally  recorded  by  the  USGS  Central 
California  network  from  1969  to  date.  The  most  significant 
earthquakes  known  to  have  occurred  within  the  study  area 
since  the  mid-1800's  were  those  of  the  1980  Livermore  se- 
quence. The  damaging  24  January  1980  ML  5.9  earthquake 
was  associated  with  approximately  6  km  of  surface  rupture 
along  the  Marsh  Creek-Greenville  fault  (Bolt  and  others, 
1981).  It  was  preceded  by  one  foreshock  and  followed  by 
several  hundred  aftershocks,  including  the  damaging  ML  5.3 
aftershock  that  occurred  on  27  January,  approximately  14  km 
southeast  of  the  24  January  event  (Bolt  and  others,  1981; 
Cockerham  and  others,  1980). 

With  the  exception  of  the  1980  sequence,  a  reliable  evalua- 
tion of  the  association  of  seismicity  with  known  faults  has  not 
been  possible  in  the  study  area  because  of  the  location  uncer- 
tainties of  historical  as  well  as  recent  earthquakes.  Thus,  the 
earthquakes  that  reportedly  occurred  in  the  study  area  were  re- 
evaluated to  refine  their  locations  and  to  assess  their  source 
mechanisms.  The  41  events  recorded  by  UCB  and  384  earth- 
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Figure  5.  Focal  mechanisms  of  earthquakes  in  eastern  Contra  Costa  County  (from  Wong  and  Biggar,  1989).  Mechanisms  from  events  number 
1  to  16  are  from  previous  studies  and  events  17  to  34  were  determined  in  this  study.  The  tectonic  stress  field  appears  to  be  characterized  by 
northeast-directed  compressive  stresses  east  of  the  Greenville  fault  system  and  north-south  compressive  stresses  to  the  west.  Outward- 
directed  arrows  represent  horizontal  projections  of  T  axes  and  inward-directed  arrows,  P  axes.  Dark  quadrants  are  compressional. 
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quakes  recorded  by  the  USGS  from  1969  to  September  1988 
were  relocated  (Wong  and  Biggar,  1989). 

From  1940  through  1964,  the  UCB  regional  network  was 
comprised  of  only  a  few  seismographic  stations;  hence,  most 
events  in  the  study  area  were  only  recorded  by  the  Berkeley, 
Mt.  Hamilton,  San  Francisco  and  Palo  Alto  stations  and  were 
located  by  the  graphical  arc  technique.  Because  these  stations 
were  located  west  of  the  study  area,  the  original  UCB  epicentral 
locations  were  probably  biased  several  km  east  of  the  actual 
locations.  Also,  given  the  small  number  of  stations  (generally  5 
to  7)  and  the  inadequate  azimuthal  coverage,  the  epicentral 
uncertainties  of  the  41  events,  even  after  relocation,  are  still  at 
least  ±  5  km.  These  large  uncertainties  prohibit  associating 
with  any  confidence  the  1940-1968  events  with  specific  faults; 
however,  most  of  the  events  are  located  near  the  Marsh  Creek- 
Greenville  fault  (Wong  and  Biggar,  1989)  (Figure  3).  Only  13 
of  the  41  earthquakes  remained  in  the  area  east  of  the  Marsh 
Creek-Greenville  fault  after  relocation. 

The  largest  earthquakes  during  this  time  period  were  two  ML 
4.0  events  on  19  and  20  September  1940,  located  east  of  Brent- 
wood. Their  locations  suggest  a  possible  association  with  the 
Coast  Ranges-Sierran  block  (CRSB)  boundary  zone  as  defined 
by  Wong  and  others  (1988);  however,  the  first  motion  data 
were  too  few  for  determining  focal  mechanisms  to  confirm  this 
possibility. 

In  contrast  to  the  earlier  events,  the  epicentral  uncertainties  of 
the  relocated  1969-1988  USGS-recorded  earthquakes  are  esti- 
mated to  be  less  than  1  to  2  km.    Estimated  focal  depth  uncer- 
tainties are  on  the  order  of  2  to  3  km.  The  relocated  1969-1988 
earthquakes  (Figure  4)  are  dominated  by  activity  along  the 
Marsh  Creek-Greenville  fault;  most  likely  these  events  are  late 
aftershocks  of  the  1980  Livermore  sequence  (Wong  and  Big- 
gar, 1989).  The  epicenters  are  offset  to  the  east  by  1  to  2  km, 
apparently  due  to  a  systematic  location  error  reflecting  lateral 
velocity  contrasts  commonly  observed  along  faults  of  the  San 
Andreas  system  in  central  California.  Focal  mechanisms  32 
and  34  along  the  Marsh  Creek-Greenville  fault  (Figure  5)  are 
similar  to  the  mechanisms  of  the  two  largest  events  of  the  1980 
sequence  (focal  mechanisms  15  and  16);  they  confirm  the  right- 
lateral,  strike-slip  nature  of  the  fault.  The  largest  relocated 
earthquake  was  a  ML  4.4  earthquake  (focal  mechanism  31)  that 
occurred  on  22  October  1987  on  the  Marsh  Creek-Greenville 
fault  (Figure  5). 

A  significant  concentration  of  events  adjacent  to  and  north- 
east of  the  Marsh  Creek-Greenville  fault  consists  of  both  after- 
shocks of  the  1980  sequence,  earthquakes  that  occurred  prior  to 
1980,  and  ongoing  activity  (Figure  4).  However,  the  source  of 
this  scismicity  appears  to  be  a  north-northeast-trending,  right- 
lateral  strike-slip  fault(s),  as  suggested  by  focal  mechanism  33 
and  possibly  the  epicentral  trend  (Figure  5). 

Farther  cast  of  the  Marsh  Creek-Greenville  fault,  a  low  rate  of 
scismicity  is  suggested  (Wong  and  Biggar,  1989)  (Figure  4). 


A  few  of  the  relocated  earthquakes  occur  in  the  vicinity  of  the 
north-trending  Vaqueros  faults.  A  cluster  of  events  apparently 
associated  with  a  north-trending  fault(s)  north  of  the  Sycamore 
Creek  fault  has  a  focal  mechanism  (25)  that  exhibits  a  north- 
trending,  right-lateral  strike-slip  nodal  plane,  consistent  with 
observed  geologic  displacement  (Golder  Associates,  1988) 
(Figure  5). 

An  earthquake  swarm  from  5  to  7  January  1987  occurred 
south-southwest  of  Byron  (Figure  4),  principally  in  the  vicini- 
ty of  a  mapped  north-trending  fault  having  an  apparent  left- 
lateral  sense  of  displacement  (Brabb  and  others,  1971) .  How- 
ever, both  a  composite  focal  mechanism  (30)  of  six  events  in 
the  swarm  and  the  epicentral  trend  suggest  a  northeast-trend- 
ing, left-lateral  strike-slip  fault  is  the  source  of  these  events 
(Figure  5). 

The  epicentral  locations  and  focal  mechanisms  of  two  earth- 
quakes (2  and  17)  suggest  that  the  Davis  and  Vaqueros  faults, 
respectively,  or  adjacent  unmapped  parallel  faults  are  seismo- 
genic  (Wong  and  Biggar,  1989)  (Figure  5).  Three  events  in 
the  vicinity  of  the  Brentwood  and  Kellogg  faults  (Figure  4)  are 
foreshocks  or  aftershocks  of  an  earthquake  that  occurred  in 
1972  near  the  northern  end  of  the  Vaqueros  fault.  These 
events  are  not  well-located  due  to  poor  azimuthal  station  cov- 
erage. A  diffuse  cluster  of  events  northeast  of  Brentwood  in 
the  same  areas  as  the  1940  earthquakes  may  also  be  associated 
with  the  CRSB  boundary  zone. 

In  general,  based  on  the  analyses  of  the  focal  mechanisms 
(Figure  5),  the  predominant  mode  of  seismic  strain  release 
along  and  west  of  the  Marsh  Creek-Greenville  fault  appears  to 
be  right-lateral  strike-slip  faulting  on  the  northwest-trending 
faults  (Wong  and  Biggar,  1989);  this  is  consistent  with  the 
behavior  of  faults  within  the  San  Andreas  system.  East  of  the 
Marsh  Creek-Greenville  fault,  however,  most  focal  mecha- 
nisms exhibit  right-lateral  strike-slip  motion  on  north-trending 
faults,  similar  to  the  focal  mechanism  for  the  1986  ML  5.7  Mt. 
Lewis  earthquake,  located  approximately  45  km  south  of  the 
study  area.  Although  the  focal  mechanisms  also  exhibit  west- 
trending  nodal  planes,  it  is  likely  that  any  such  faults  would 
play  a  minor  role  in  terms  of  seismic  strain  release  because  of 
the  predominant  northerly  structural  grain  of  the  region.  Seis- 
micity  throughout  the  study  area  is  confined  to  upper  crustal 
depths  of  13  km  or  less. 

The  focal  mechanisms  indicate  a  strike-slip  stress  regime 
both  west  and  east  of  the  Marsh  Creek-Greenville  fault;  how- 
ever, the  maximum  compressive  stress  (approximated  by  P- 
axes)  appears  to  be  principally  northeast-southwest  oriented 
east  of  the  fault,  compared  to  a  north-south  trending  maximum 
compressive  stress  west  of  and  along  the  fault  and  possibly  to 
the  west  (Figure  5).  This  difference  in  stress  fields  probably 
reflects  the  regional  fault-normal  compression  observed  away 
from  the  San  Andreas  fault  system  as  proposed  by  Zoback  and 
others  (1987). 
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SEISMOGENIC  POTENTIAL  OF 
THE  VAQUEROS  FAULTS 

In  addition  to  the  seismicity  analyses,  the  seismo- 
genic  potential  of  the  Vaqueros  faults  was  further 
evaluated  by  trenching  across  six  of  the  faults,  and 
conducting  stratigraphic  correlations  along  with  a 
high-resolution  seismic  reflection  survey.  Of  the  65 
trenches  excavated  by  DWR  (1978)  to  locate  the 
Vaqueros  faults,  few  were  suitable  for  assessing 
Quaternary  fault  displacement  due  to  a  lack  of  ade- 
quate soil  stratigraphy  in  the  exposures.  Where  such 
evaluations  were  made,  no  evidence  of  Holocene 
faulting  was  observed  (Begg,  1977;  DWR,  1978; 
1981).  During  the  WCC  studies,  an  additional  sev- 
en trenches  were  excavated  across  the  Kellogg, 
Brentwood,  and  Camino  Diablo  faults  to  assess 
their  late-Quaternary  faulting  history  (WCC,  1988). 
An  additional  four  trenches  were  excavated  across 
shorter  shears  in  the  immediate  vicinity  of  the  pro- 
posed dam  site.  In  several  trenches,  only  soils  of 
Holocene  age  overlay  the  bedrock  faults;  in  others, 
soils  estimated  to  be  20,000  years  or  older  were  ex- 
posed above  the  fault  zones.  No  evidence  of  recent 
faulting  was  observed  in  any  of  these  trenches. 


Trench  Excavation 


Figure  6.  Location  map  for  high-resolution  seismic  reflection  lines,  boreholes  and  exploratory  trenches  at  the  proposed  damsite  (top). 
Correlation  of  borehole  stratigraphic  data  along  cross-section  A-A';  view  is  to  the  north  (bottom).    Stratigraphic  continuity  between  the  ridge  to 
the  west  and  into  the  channel  section  is  probably  unbroken;  if  bedrock  shears  or  faults  are  present,  the  vertical  offset  across  them  would  be 
small  (less  than  8  m).  Apparent  lateral  facies  changes  may  account  for  the  variation  of  stratigraphy  between  boreholes,  or  along  the  eastern 
edge  of  the  valley,  they  may  alternatively  be  due  to  presence  of  small  shears  between  boreholes  (from  WCC,  1989). 
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Although  no  fault  had  been  previously  mapped  along  the 
Kellogg  Creek  Valley  under  the  proposed  dam  site,  the  linear- 
ity of  the  valley  and  the  proximity  of  the  parallel  Brentwood 
fault  to  the  east  suggested  that  there  may  be  a  fault  splay  be- 
neath the  alluvium  of  Kellogg  Creek.  In  order  to  address  this 
question,  stratigraphic  correlations  were  made  across  the  val- 
ley using  continuous  rock  cores  obtained  from  the  rock  abut- 
ments on  both  sides  of  the  valley.  Questionable  correlations 
based  on  these  data  led  to  the  drilling  of  six  additional  bore- 
holes up  to  70  m  deep  and  the  collection  of  high-resolution 
seismic  reflection  data  across  the  channel  area  to  define  the 
bedrock  stratigraphy  and  structure  beneath  the  alluvium  of 
Kellogg  Creek. 

Two  possible  small  shears  having  a  total  of  less  than  8  m  of 
vertical  displacement  were  interpreted  from  borehole  stratigra- 
phy and  the  seismic  reflection  data  (Figures  6  and  7).  The 
latter  suggest  that  other  shears  having  from  about  4  m  to  no 
more  than  25  m  of  separation  occur  within  the  siltstone  se- 
quence of  the  Panoche  Formation  (Figure  7).  However,  these 
shears  die  out  in  both  the  upward  and  downward  direction,  as 
indicated  by  continuous,  bracketing  reflector  horizons.  In  a 
trench  excavated  across  one  of  the  near-surface  shears,  no 
displacements,  filled  fissures,  or  slickensided  surfaces  were 
observed  in  either  a  soil  estimated  to  be  at  least  20,000  years 
old  or  two  colluvial  units  that  overlie  the  bedrock  shear.  This 
shear  is  considered  to  be  similar  in  character  to  other  shears  in 
the  area,  and  the  lack  of  features  suggestive  of  Holocene  fault- 
ing along  this  shear  is  judged  indicative  of  the  lack  of  Holo- 
cene fault  activity  along  the  other  shears  mapped  in  the  study 
area(WCC,  1989). 

CONCLUSIONS 

The  level  of  seismicity  east  of  the  Marsh  Creek-Greenville 
fault  is  low  and  few  events  appear  to  be  associated  with  the 
Vaqueros  faults.  Focal  mechanisms,  however,  suggest  that 


strain  is  being  released  through  earthquakes  east  of  the  Green- 
ville fault  system  as  a  result  of  right-lateral  strike-slip  motion 
on  north-trending  faults.  Although  the  north-trending  Vaque- 
ros faults  exhibit  right-lateral  separation,  there  is  no  geomor- 
phic  evidence  that  surface  faulting  has  occurred  along  these 
faults  in  Holocene  time.  This  is  consistent  with  the  presence 
of  undisturbed  soils  estimated  to  be  at  least  20,000  years  old 
above  faults  exposed  in  exploratory  trenches  across  the  Va- 
queros faults. 

The  short  length  of  the  faults  and  their  tendency  to  vary  in 
the  amount  of  separation  observed  along  strike  suggest  that 
the  Vaqueros  faults  are  tensional  features  that  developed  with 
the  formation  of  the  Mt.  Diablo  antiform.  The  faults  occur  at 
the  juncture  between  more  west-northwest-trending  strata  to 
the  north  and  northwest-trending  strata  to  the  south.  During 
folding  of  the  antiform,  these  two  blocks  would  have  been 
moving  away  from  each  other,  resulting  in  oblique  slip  on  the 
faults,  with  both  normal,  down-to-the-east  and  right-slip  com- 
ponents of  separation.  Although  they  are  favorably  oriented 
for  reactivation  in  the  present  day  stress  regime,  the  character- 
istics of  the  faults  suggest  that  they  probably  are  not  capable 
of  generating  significant  earthquakes. 
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Quaternary  Deformation  and  Blind-Thrust  Faulting  on  the 
East  Flank  of  the  Diablo  Range  Near  Tracy,  California 

by 
Janet  M.  Sowers1,  Jay  S.  Noller1,  and  Jeff  R.  Unruh1 


ABSTRACT 

Quaternary  alluvial  terraces,  fans,  and  pediments  along  the  eastern  front  of  the  Diablo  Range  near 
Tracy,  California,  exhibit  a  geometry  which  suggests  possible  Quaternary  deformation,  including  uplift, 
tilting,  folding,  and  faulting.  An  early  to  middle  Pleistocene  pediment,  preserved  only  as  remnants  on 
ridgecrests  along  the  mountain  front  80  to  100  m  above  the  modern  valley  floor  slopes  up  to  6°  north- 
easterly toward  the  valley,  suggesting  tilting  of  the  surface.  Longitudinal  profiles  of  stream  terraces 
along  Corral  Hollow,  Hospital,  Lone  Tree,  and  Del  Puerto  Creeks  show  progressively  steeper  gradients 
with  age,  which  may  also  be  attributed  to  tectonic  tilting.  Middle  Pleistocene  pediments  and  fans  at  the 
mouth  of  Hospital  and  Lone  Tree  Creeks  are  uplifted  up  to  70  m  above  the  modern  stream  and  are  con- 
vex upwards  in  profile,  the  convexity  possibly  reflecting  a  northeast-vergent  homoclinal  flexure.  Quater- 
nary surfaces  are  offset  at  several  locations  along  the  mountain  front  suggesting  fault  scarps.  Uplift, 
tilting,  and  homoclinal  flexure  of  Quaternary  surfaces  are  consistent  with  a  model  involving  displace- 
ment on  a  northeast-vergent  blind  thrust  and  propagation  of  an  associated  tectonic  wedge  beneath  the 
mountain  front.  High-angle  reverse  faults  rooting  in  the  top  of  the  wedge  could  occur  locally  at  the 
mountain  front,  and  would  produce  offset  alluvial  surfaces  and  contribute  to  the  height  and  linearity  of 
the  mountain  front. 


INTRODUCTION 

The  Diablo  Range,  part  of  the  Coast  Ranges  of  California, 
forms  the  western  border  of  the  San  Joaquin  Valley  (Figure  1). 
Recent  geophysical  and  structural  studies  in  the  Coalinga  area 
(south  of  this  study  area)  indicate  that  deep  seated,  active,  and 
potentially  seismogenic  blind-thrust  faults  extend  from  the 
Coast  Ranges  eastward  into  the  western  Great  Valley  (Went- 
worth  and  Zoback,  1989;  Namson  and  Davis,  1988).  Similar 
structures  have  been  reported  in  the  subsurface  of  the  south- 
west Sacramento  Valley  near  Woodland  (Unruh  and  Moores, 
1992).  Wong  and  others  (1988)  postulate  that  active  deforma- 
tion along  the  entire  eastern  margin  of  the  Coast  Ranges  is 
characterized  by  northeast-directed  crustal  shortening. 

In  this  paper  we  examine  the  Quaternary  geology  of  the 
northeast  flank  of  the  Diablo  Range  from  Patterson  to  Tracy  to 
assess  the  location  and  style  of  deformation  in  this  part  of  the 
range.  Through  mapping  of  Quaternary  deposits,  geomorphic 


analysis  of  Quaternary  fluvial  landforms,  and  analysis  of  faults 
and  bedrock  structures  we  suggest  that  Quaternary  surfaces 
may  be  tectonically  deformed,  and  that  active  crustal  shorten- 
ing is  taking  place  along  the  range  front. 

The  Quaternary  geology  of  the  east  flank  of  the  northern 
part  of  the  Diablo  Range  has  received  relatively  little  study. 
Generalized  Quaternary  mapping  by  Bartow  and  others  (1985) 
covers  part  of  the  study  area  from  Orestimba  Creek  to  Lone 
Tree  Creek.  Carpenter  (1991)  recently  mapped  Quaternary 
geology  and  faults  in  part  of  the  Corral  Hollow  area.  Bedrock 
mapping  in  the  study  area  includes  limited  assessment  of  Qua- 
ternary geology  (Huey,  1948,  Raymond,  1969,  Dibblee,  1980, 
and  Throckmorton,  1988). 

The  Tracy  area  (Figure  1)  contains  several  previously 
mapped  thrust,  reverse,  and  strike-slip  faults  including  the 
Tesla,  Corral  Hollow,  Elk  Ravine,  Patterson  Pass,  Black 
Butte,  Carnegie,  and  Midway  faults  (Figure  2).  These  faults 
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Figure  1 .  The  study  area  is  located  on  the  east  flank  of  the  northern  Diablo  Range  near  Tracy  east  of  the  San  Francisco  Bay  area, 
California.  Heavy  lines  are  major  highways,  indicated  by  number.  Diagonally  striped  block  is  the  study  area  (Figure  2).  Inset  at  lower  left 
shows  location  of  study  area  within  California. 


offset  deposits  of  late  Tertiary  age.  The  nature  and  recency  of 
Quaternary  activity  is  generally  not  known;  detailed  paleoseis- 
mic  studies  have  been  performed  at  only  two  locations.  A 
study  of  the  Corral  Hollow-Carnegie  fault  shows  evidence  of 
Holocene  activity,  whereas  study  of  the  Elk  Ravine  fault 
shows  no  evidence  of  Holocene  activity  (Carpenter  and  others, 
1991). 

QUATERNARY  STRATIGRAPHY  AND 
GEOMORPHOLOGY 

The  Quaternary  geology  of  the  study  area  largely  records  the 
deposition  of  sediments  derived  from  the  uplifting  Diablo 
Range  and  shed  eastward  into  the  San  Joaquin  Valley,  and 
development  of  broad  erosional  surfaces  cut  across  the  uplift- 
ed foothill  belt  of  the  Diablo  Range.  The  western  margin  of 
the  San  Joaquin  Valley  is  a  bajada,  characterized  by  coalesc- 
ing fans  that  emanate  from  canyons  incised  into  the  Diablo 
Range.  Within  these  canyons  are  nested  sequences  of  alluvial 
fans  and  terraces. 

Wc  mapped  allostratigraphic  fluvial  units  (terraces,  fans,  and 
pediments)  on  the  eastern  piedmont  of  the  Diablo  Range  at  a 
scale  of  1 :24,000  (Sowers  and  others,  1992a,  b,  and  Noller 
and  others.  1992).  Quaternary  units  are  assigned  to  four  broad 


age  groups  -  Holocene,  late  Pleistocene,  middle  Pleistocene, 
or  early  Pleistocene  -  based  on  relative  geomorphic  position, 
degree  of  dissection,  and  soil  development.  We  do  not  imply 
exact  correlation  between  units  with  the  same  designation, 
only  that  they  are  broadly  similar  in  characteristics.  Age  data 
are  not  yet  available  to  establish  correlation.  The  number, 
height,  and  age  of  terraces,  fans,  and  pediments,  vary  from 
drainage  to  drainage;  typically  the  larger  drainages  contain  a 
greater  number  of  mappable  surfaces  and  deposits.  These 
larger  drainages,  Del  Puerto  Creek,  Hospital  Creek,  Lone  Tree 
Creek,  and  Corral  Hollow  Creek,  typically  contain  one  to 
three  Pleistocene  pediment  surfaces,  two  to  four  Pleistocene 
alluvial  fan  or  terrace  surfaces,  and  two  to  three  Holocene  fan 
or  terrace  surfaces  (Figure  3). 

QUATERNARY  DEFORMATION 

The  geometry  of  the  Quaternary  surfaces  and  deposits  sug- 
gests uplift,  folding,  and  faulting  may  be  taking  place  adjacent 
to  the  mountain  front.  These  interpretations  assume  that 
streams  were  graded  to  the  ancestral  San  Joaquin  Valley  floor, 
similar  to  the  modern  streams,  and  that  major  changes  in  the 
shapes  or  gradients  of  the  stream  profiles  with  increasing  age 
are  due  to  deformation.  Wc  acknowledge  that  minor  deflec- 
tions may  be  due  to  erosion  of  the  surface  or  original  departure 


I 


1992 


PROCEEDINGS  OF  THE  SECOND  CONFERENCE 
ON  EARTHQUAKE  HAZARDS  IN  THE  EASTERN  SAN  FRANCISCO  BAY  AREA 


379 


EXPLANATION 


Flexure  in  homocline 
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Quaternary  units: 

Hf      Holocene  fan,  terrace,  and 
channel  deposits 

Hb     Holocene  flood  basin  deposits 

Pf      Pleistocene  fan  and  terrace 
deposits 

Pp     Pleistocene  pediment  surfaces 
and  deposits 

Differentiated  Pleistocene  units: 
Late:  Pf3 

Middle:  Pf2  Pp2 

Early:  Pp1 

B      Pre-Pleistocene  units 
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Figure  2.  Generalized  Quaternary  geologic  map  of  the 
east  flank  of  the  Diablo  Range  near  Tracy.  Quaternary 
geology,  lineaments,  and  Quaternary  folds  generalized 
from  Noller  and  others  (1992),  and  Sowers  and  others 
(1992a,  1992b),  and  Bartow  and  others  (1985).  Other 
faults  and  folds  from  Dibblee  (1980,  1981,  and  1982) 
and  Carpenter  (1991).  Landslides  not  shown. 
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Figure  3a-e.  Longitudinal  profiles  of  major  streams  showing  terrace,  fan,  and  pediment  surfaces.  Locations  of  profiles  are  shown  on  Figure  2. 
Profiles  of  remnant  surfaces  were  constructed  by  projecting  contours  on  U.  S.  Geological  Survey  7.5-minute  topographic  maps  orthogonally  on 
to  profile  line.  Dashed  line  indicates  the  mountain  front  escarpment,  and  is  not  a  part  of  the  pediment  surface.  Nickpoints  in  the  channel 
profiles  of  Corral  Hollow  and  Del  Puerto  Creeks  are  artifacts  of  the  projection  where  the  streams  make  large  meander  bends. 
Vertical  exaggeration  =  10X. 
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from  grade  resulting  from  variations  in  bedrock  lithology, 
climatic  changes,  stream  capture,  changes  in  sediment  load, 
etc.  However,  these  variables  are  likely  to  be  random  or  cycli- 
cal and  should  not  produce  monotonic  or  systematic  changes 
in  surface  gradient  through  time.  Using  Quaternary  surfaces  as 
strain  markers,  we  describe  amount  and  style  of  deformation 
at  three  locations:  the  Del  Puerto  Creek  area,  the  Hospital- 
Lone  Tree  Creek  area,  and  the  Corral  Hollow  area  (Figure  2). 

Del  Puerto  Creek  area 

The  Del  Puerto  Creek  area  is  characterized  by  an  abrupt 
linear  range  front  in  which  streams  cut  across  northeast-dip- 
ping Cretaceous  and  Tertiary  strata.  The  oldest  Quaternary 
unit  mapped  is  a  deeply  dissected,  elevated  pediment,  estimat- 
ed to  be  of  early  or  middle  Pleistocene  age  based  on  soil  de- 
velopment and  on  correlation  to  a  dated  pediment  in  the  Pan- 
oche  Hills  (Lettis,  1982).  This  pediment  truncates  northeast- 
dipping  late  Tertiary  strata.  Remnants  of  this  pediment  occur 


as  concordant  flat  hilltops  distributed  within  a  20  km-long,  2 
km-wide  band  parallel  and  adjacent  to  the  mountain  front 
from  Salado  Creek  north  to  Ingram  Creek  (Figure  2).  At  Del 
Puerto  Canyon  the  pediment  is  200-300  feet  above  the  modern 
stream  and  slopes  about  4  degrees  toward  the  mountain  front 
(Figure  3e).  We  interpret  the  pediment  to  represent  an  erosion- 
al  surface  cut  by  streams  graded  to  the  ancestral  San  Joaquin 
Valley.  The  pediment  now  projects  200  feet  above  the  San 
Joaquin  Valley,  thus  its  downslope  remnants  are  assumed  to 
have  been  either  down  faulted  or,  less  likely,  monoclinally 
folded.  The  observed  linear  range  front  could  result  from 
either  faulting  or  monoclinal  folding.  Erosion  processes,  in 
contrast,  would  produce  a  deeply  embayed  mountain  front. 

At  least  two  Pleistocene  stream  terraces  are  inset  below  the 
pediment  along  Del  Puerto  Creek.  The  older  is  present  150 
feet  above  the  modern  stream  and  slopes  1  -2  degrees  down- 
stream (Figure  3e).  The  younger  is  present  as  a  relatively  con- 
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tinuous  terrace  20-60  feet  above  stream  level  with  a  slope  of 
less  than  1  degree,  a  gradient  similar  to  the  modern  stream 
channel.  The  modern  stream  channel  shows  no  significant 
deflection  from  a  smooth  concave  profile,  even  where  it  is 
incised  though  a  bedrock  notch  at  the  mouth  of  the  canyon 
(Figure  3e). 

Quaternary  deposits  in  the  Del  Puerto  Creek  area,  therefore, 
may  record  progressive  northeast-directed  tilting  and  likely 
high-angle  reverse  faulting  along  the  San  Joaquin  Fault.  The 
presence  of  this  fault,  as  opposed  to  a  fold,  at  the  range  front  is 
supported  by  presence  of  a  truncated  Pleistocene  fan  surface  at 
the  mouth  of  Ingram  Creek.  Holocene  surfaces  are  not  notice- 
ably offset. 

Hospital-Lone  Tree  Creek  area 

The  Hospital-Lone  Tree  Creek  area  is  characterized  by  a  dou- 
ble range  front  in  which  two  escarpments  bound  a  lens-shaped 
terrane  of  pediment  and  fan  surfaces  which  may  be  deformed 
(Figure  2).  Much  of  this  terrane  is  underlain  by  a  gently  dipping 
late  Tertiary  to  early  Pleistocene  fanglomerate  (Dibblee,  1981b) 
beveled  by  a  middle  Pleistocene  pediment  (Pp2).  This  pediment 
is  a  deeply  to  moderately  dissected  surface  150-250  feet  above 
the  modem  stream.  Longitudinal  profiles  of  the  surface  con- 
structed using  the  topographic  map  show  a  convex  shape.  This 
shape  suggests  deformation,  ie.  antiformal  folding,  if  we  assume 
an  originally  concave  surface.  (Figure  2  and  3b,c).  A  middle 
Pleistocene  fan  surface  (Pf2)  south  of  Hospital  Creek  also  ex- 
hibits a  convex  upward  profile  (Figure  3d).  An  abrupt  linear 
escarpment  (about  100  feet  of  relief)  marks  the  northeastern 
margin  of  the  dissected  pediment  and  underlying  fanglomerate. 
Along  the  trend  of  this  escarpment,  a  low  linear  scarp  (about  5 
feet  of  relief)  cuts  across  late  Pleistocene  fans  (Pf3)  at  the  mouth 
of  Lone  Tree  Creek  (Figure  3b).  We  interpret  both  escarpments 
to  reflect  offset  along  the  San  Joaquin  fault.  Holocene  terraces 
and  the  modem  stream  channel  are  not  perceptibly  deformed, 
with  the  possible  exception  of  a  convexity  in  the  Lone  Tree 
Creek  profile  located  opposite  the  more  marked  convexity  in 
the  middle  Pleistocene  pediment  surface  (Figure  3b). 

Offset  along  this  strand  of  the  San  Joaquin  fault  apparently 
dies  out  to  the  south.  At  the  mouth  of  Hospital  Creek  late  Pleis- 
tocene fans  are  not  perceptibly  offset,  nor  is  there  an  abrupt 
escarpment  along  the  eastern  margin  of  the  convex  middle 
Pleistocene  fan  south  of  Hospital  Creek. 

We  suggest  the  profiles  of  the  Quaternary  surfaces  in  the  Hos- 
pital-Lone Tree  Creek  area  indicate  a  zone  of  deformation  be- 
tween two  related  thrust  or  reverse  faults,  the  Black  Butte  and 
San  Joaquin  faults.  Convex  profiles  may  reflect  antiformal  fold- 
ing in  the  hanging  wall  of  the  San  Joaquin  fault.  Displacement 
on  the  San  Joaquin  fault  is  greatest  in  the  vicinity  of  Lone  Tree 
Creek,  and  decreases  southward  in  the  vicinity  of  Hospital 
Creek.  The  San  Joaquin  fault  may  be  younger  than  the  Black 
Butte  fault  because  it  offsets  younger  units.  The  mountain  front 
appears  to  have  migrated  valleyward  during  the  Quaternary. 


Corral  Hollow  area 

The  mountain  front  at  Corral  Hollow  is  characterized  by  a 
major  escarpment  coincident  with  the  Black  Butte  fault.  East 
of  this  escarpment  a  nested  sequence  of  pediments  and  fans 
extends  into  the  San  Joaquin  Valley  (Figure  2,  3a).  Remnants 
of  a  high  pediment,  550-750  feet  above  the  modern  stream  are 
found  west  of  and  parallel  to  the  Black  Butte  fault.  This  pedi- 
ment is  estimated  to  be  early  to  middle  Pleistocene  in  age, 
suggesting  that  an  older  mountain  front  was  present  west  of 
these  remnants  at  that  time.  Additional  work  is  necessary  to 
determine  if  this  pediment  (Ppl)  is  of  similar  age  to  the  pedi- 
ment east  of  the  Black  Butte  Fault  (Pp2),  and  thus  whether  an 
originally  contiguous  pediment  surface  has  been  displaced  by 
movement  on  the  fault. 

North  of  Lone  Tree  Creek,  the  San  Joaquin  fault  bends 
mountainward  to  form  the  northern  terminus  of  the  lenticular 
shaped,  deformed  terrane  of  the  Hospital-Lone  Tree  Creek 
area.  The  northward  continuation  of  the  San  Joaquin  fault  is 
suggested  by  a  photo  lineament  that  is  parallel  to  the  Black 
Butte  fault  and  coincident  with  the  back  edge  of  middle  Pleis- 
tocene pediment  remnants.  The  lineament  ends  at  Corral  Hol- 
low Creek. 

The  geometry  of  the  middle  Pleistocene  pediment  apron  in 
the  vicinity  of  Corral  Hollow  Creek  suggests  faulting,  tilting, 
and  possible  flexing.  The  upslope  part  of  the  pediment  exhib- 
its a  small  break  in  slope,  visible  on  air  photos  but  not  evident 
on  Figure  3,  which  may  indicate  faulting,  west  side  up,  along 
the  dashed  line  shown  on  Figure  2.  This  may  be  a  continuation 
of  the  San  Joaquin  fault.  The  pediment  apron  slopes  more 
steeply  (up  to  3.5  degrees)  than  do  younger  terraces  or  the 
modern  stream  (typically  <1  degree),  suggesting  tectonic  tilt- 
ing. The  midslope  part  exhibits  a  decrease  in  slope  eastward, 
from  3-5°  to  2°.  This  break  in  slope  may  represent  a  fold  axis 
(shown  on  Figure  2),  or  a  difference  in  sediment  source  be- 
tween the  upper  and  lower  parts  of  the  slope. 

Late  Pleistocene  and  younger  units  of  Corral  Hollow  Creek 
show  no  obvious  deflection  in  the  vicinity  of  the  mountain 
front,  the  Black  Butte  fault,  or  the  projection  of  the  San  Joa- 
quin fault.  Lack  of  deformation  on  the  scale  of  the  topographic 
map  does  not,  however,  preclude  Holocene  activity  on  either 
fault.  Possible  Holocene  tectonic-geomorphic  features,  such  as 
side  hill  benches  and  sag  pond  remnants,  have  been  noted 
along  the  mountain  front  for  2  miles  north  of  Corral  Hollow 
Creek  (D.W.  Carpenter,  1992,  personal  communication). 

The  Corral  Hollow  mountain  front  is  similar  to  the  Hospital- 
Lone  Tree  Creek  area,  except  that  the  San  Joaquin  fault,  if 
present,  is  almost  convergent  with  the  Black  Butte  fault  and 
Quaternary  deformation  may  occur  valleyward  of  both  faults, 
instead  of  between  the  two.  Deformation  of  Quaternary  sur- 
faces valleyward  of  the  Black  Butte  fault,  if  present,  would 
indicate  valleyward  migration  of  mountain  front  deformation. 
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DISCUSSION 

The  pattern  of  Quaternary  faulting,  folding,  and  uplift  de- 
scribed is  consistent  with  a  model  involving  blind  thrust  fault- 
ing of  a  tectonic  wedge  northeastward  beneath  the  margin  of 
the  range  and  high-angle  faulting  beneath  the  mountain  front. 
High-angle  reverse  faults  associated  with  movement  of  the 
wedge  occur  locally  at  the  mountain  front  and  contribute  to 
the  height  and  linearity  of  the  mountain  front.  Folding  of  Qua- 
ternary units  may  have  occurred  in  the  hanging  walls  of  thrust 
or  reverse  faults  at  the  mountain  front,  and  valleyward  of  the 
mountain  front.  The  faults  and  folds  are  interpreted  as  second- 
order  structures  developed  during  regional  uplift  and  tilting 
above  underthrust  wedges,  and  appear  to  accommodate  local 
shortening  of  the  wedge  cover  strata.  For  additional  structural 
interpretation  and  discussion  see  Unruh  and  others  (1992). 


Active  crustal  shortening  in  the  Diablo  Range  may  be  the 
cause  of  uplift,  folding  and  faulting  of  Quaternary  deposits 
and  landforms,  and  progressive  valleyward  migration  of  the 
mountain  front.  This  crustal  shortening  is  consistent  with  that 
seen  in  other  parts  of  the  Sacramento-San  Joaquin  valley  mar- 
gin (Namson  and  Davis,  1988;  Unruh  and  Moores,  1992), 
which  may  indicate  lateral  continuity  of  a  single  potentially 
seismogenic  fold  and  thrust  belt  as  initially  proposed  by  Wong 
and  others  (1988)  and  Wentworth  and  Zoback  (1989). 
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1898  "Mare  Island"  Earthquake 
at  the  Southern  End  of  the  Rodgers  Creek  Fault 

by 
Tousson  R.  Toppozada1,  John  H.  Bennett2, 
Claudia  L.  Hallstrom1,  and  Les  G.  Youngs1 


ABSTRACT 

The  1898  "Mare  Island"  earthquake  was  one  of  the  largest  events  to  occur  in  the  Bay  area  in  the  decades 
before  the  1906  San  Francisco  event.  It  damaged  some  buildings  (Modified  Mercalli  Intensity  (MMI)  VII  or 
greater)  in  the  counties  of  Sonoma,  Marin,  San  Francisco,  Alameda,  Contra  Costa,  Solano,  and  Napa.  The 
strongest  damage  (MMI  VIM  or  greater)  occurred  along  the  northern  border  of  San  Pablo  Bay  from  Vallejo  and 
Mare  Island  northwestward  to  the  Sonoma  and  Petaluma  valleys.  The  name  "Mare  Island"  earthquake  results 
from  the  widely  publicized  concentration  of  damage  to  major  structures  in  the  navy  yard  built  on  made  land  on 
that  island.  However,  we  found  the  MMI  VIII  isoseismal  to  be  centered  approximately  on  the  southern  end  of 
the  Rodgers  Creek  fault,  suggesting  it  as  the  probable  source  of  the  1898  event.  Aftershock  reports,  which 
apparently  were  strongest  and  most  numerous  at  Sonoma  and  the  Petaluma  Marshes,  also  support  a  source 
on  the  southern  Rodgers  Creek  fault. 

A  magnitude  of  M6.2  was  estimated  for  the  1898  earthquake  by  Toppozada  and  others  (1981)  by  comparing 
its  isoseismal  areas  to  those  of  earthquakes  having  instrumentally  determined  magnitudes.  That  M6.2  esti- 
mate now  appears  to  be  low  in  light  of  recent  Bay  Area  earthquakes.  Comparisons  of  the  areas  enclosed  by 
the  MMI  V,  VI,  VII  and  VIM  isoseismals  of  the  1898  event  to  those  of  the  1984  Morgan  Hill  and  1989  Loma 
Prieta  earthquakes  give  estimates  ranging  from  M6.5  to  M6.8,  and  averaging  about  M6.7  for  the  1898  event. 


INTRODUCTION 

The  1 898  "Mare  Island"  earthquake  was  one  of  the  largest 
events  to  occur  in  the  Bay  area  during  the  pre- 1906  decades, 
and  caused  considerable  damage  in  the  area  around  San 
Pablo  Bay.  Newspaper  accounts  from  San  Francisco  and 
Oakland  cite  it  as  the  largest  event  to  strike  the  area  since 
the  1868  Hayward  earthquake  of  M7.2  (Toppozada  and 
others,  1992).  The  present  study  employs  the  1898  newspa- 
per accounts  found  by  Toppozada  and  others  (1981)  to  help 
identify  the  probable  source  fault  for  the  1 898  event,  and 
estimates  the  earthquake  magnitude  by  comparing  the  1898 
effects  to  the  effects  of  recent  Bay  area  earthquakes.  Wong 
(1991)  discusses  the  seismicity,  active  faulting  and  seismic 
hazards  of  the  general  area  within  45  miles  (70  km)  north- 
west of  San  Pablo  Bay. 

The  area  of  greatest  damage  (MMI  VIII)  in  the  1898 
earthquake  includes  segments  of  the  Tolay  and  Rodgers 


Creek  faults  (Figure  1 ).  The  only  Holocene  active  fault  in  or 
bordering  this  MMI  VIII  zone  is  the  Rodgers  Creek  (Hart, 
1992).  This  fault  was  trenched  at  a  site  west  of  Sonoma 
(Figure  1),  revealing  evidence  for  several  prehistoric  earth- 
quakes (Budding  and  others,  1991;  Schwartz  and  others, 
1992).  We  will  show  that  the  1898  earthquake  was  probably 
centered  at  the  southern  end  of  the  Rodgers  Creek  fault. 

THE  EARTHQUAKE  EFFECTS 

The  earthquake  occurred  at  1 1:43  p.m.  on  March  30,  1898. 
The  following  newspaper  reports  provide  a  general  perspec- 
tive of  the  earthquake  effects  around  the  Bay  area.  Reports 
are  from  the  San  Francisco  Chronicle,  April  1,  1898,  unless 
otherwise  referenced.  These  reports  were  interpreted  in 
terms  of  Modified  Mercalli  Intensity  (MMI)  and  plotted 
onto  the  isoseismal  map  (Figure  1),  which  includes  informa- 
tion from  Toppozada  and  others  (1981).  and  also  shows  the 
known  faults. 
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Figure  1.  Modified  Mercalli  Intensity  isoseismals  for  the  1898  earthquake  revised  from  Toppozada  and  others  (1981),  showing  the 
local  faults  and  probable  epicentral  area.  Roman  numerals  indicate  MMI  zones  and  Arabic  numerals  indicate  individual  MMI 
values.  A  "+"  indicates  a  minimum  value.  Squares  enclosing  circles  indicate  locations  reporting  aftershocks.  The  strongest  and 
most  numerous  aftersocks  were  reported  from  Sonoma  and  Lakeville,  suggesting  a  source  on  the  southern  Rodgers  Creek  fault. 
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San  Francisco 

"Although  the  earthquake  that  visited  the  city  on 
Wednesday  a  few  minutes  before  midnight  was  the 
severest  felt  here  since  the  historic  event  of  1868,  it  did 
little  material  damage.  The  violence  of  the  prolonged 
vibrations,  especially  in  the  taller  and  more  massive 
structures,  created  a  temporary  panic  and  inspired  the 
fear  that  daylight  would  reveal  many  wrecked  and  ru- 
ined buildings.  The  grinding,  rumbling  noises  like  those 
that  mark  the  passage  of  a  cyclone,  added  greatly  to  the 
general  consternation,  while  here  and  there  the  clatter 
of  falling  brick  and  plaster  and  shattered  glass  furnished 
more  immediate  occasion  for  alarm...."  [MMI  VI-VII], 

East  Bay 

"Unstable  chimneys  and  badly  glazed  windows  suffered 
somewhat  throughout  Alameda  county.  The  results  lo- 
cally (Oakland)  were  not  serious.  Many  persons  rushed 
into  the  street  without  stopping  to  dress.  A  number  of 
women  fainted  and  in  some  houses  dishes,  vases  and 
other  articles  were  broken.  A  few  old  chimneys  were 
toppled  over,  but  no  damage  of  consequence  resulted 
from  the  severe  shock...  Windows  were  broken  all  over 
town."  (Oakland  Times,  April  1,  1898,  p.  4),  [MMI-VI-VII]. 

"In  Contra  Costa  county  some  damage  was  done  at 
Martinez  and  Walnut  Creek.  In  the  former  town  the  walls 
of  the  Public  Library  and  Courthouse  were  cracked. 
Chimneys  were  damaged  and  packages  on  shelves 
were  thrown  to  the  floor".  [MMI  VI-VII]. 

"At  Pinole  two  large  brick  chambers  in  the  acid  house  at 
the  California  Powder  Works  were  badly  damaged, 
while  a  number  of  chimneys  were  thrown  down."  [MMI 
VII]. 

North  Bay 

"In  San  Rafael  nearly  all  the  windows  in  the  Mount  Ta- 
malpais  Hotel  were  broken,  and  the  big  chimney  was 
thrown  down  [MMI  VI-VII].  A  similar  fate  befell  the  plate- 
glass  front  of  the  Parisian  Hotel...  The  drawbridge  of  the 
San  Francisco  and  North  Pacific  Coast  Railroad,  near 
the  brickyard,  was  shifted  four  inches,  and  the  engine  of 
the  freight  train  ran  off  the  track..." 

"At  San  Quentin  Prison  a  number  of  windows  were  bro- 
ken, and  the  ceiling  of  the  prison  hospital  was  badly 
cracked..."  [MMI  VI]. 

"Sonoma  county  must  have  experienced  the  shock  in  all 
of  its  severity,  according  to  reports.  In  Petaluma  at  least 
300  chimneys  will  have  to  be  rebuilt,...  Nearly  all  the 
plate-glass  windows  in  the  business  portion  of  the  town 
were  damaged,  and  drug  stores  presented  a  scene  of 
ruin."  In  Petaluma,  brick  walls  were  badly  cracked  and 
bulge  at  different  angles  and  a  fire  wall  fell  (Petaluma 
Daily  Courier,  March  31,  1898,  p.1),  [MMI  VIII]. 

"The  town  of  Sonoma  and  the  district  immediately  sur- 
rounding it  also  suffered  severely.  The  Sonoma  Valley 
Bank  building  is  badly  cracked...  The  walls  of  the  High 
School  building  were  also  cracked.  On  the  farm  of  Cap- 
tain H.E.  Boyes  the  reservoir  was  broken  and  emptied. 
Considerable  damage  was  done  throughout  the  town 
and  valley  by  falling  chimneys."  [MMI  VII-VIII]. 


"Buildings  in  Napa  were  damaged  slightly.  The  Court- 
house was  badly  shaken  and  the  walls  so  cracked  that 
is  was  necessary  to  hold  court  in  the  County  Clerk's 
office.  The  Napa  Bank  block,  the  Edging  building  and 
private  residences  also  suffered  somewhat,  while  the 
asylum  was  practically  uninjured."  Chimneys  fell  (The 
Napa  Register,  April  1,  1898,  p.  3),  [MMI-VII]. 

North  Bay  Lowlands 

The  most  severe  shaking  and  consequent  damage  occurred 
along  the  perimeter  of  San  Pablo  Bay  within  or  adjacent  to 
the  tidal  lands  consisting  of  Bay  mud.  The  severity  of  the 
damage  at  the  Mare  Island  Navy  Yard  is  probably  related  to 
these  same  foundation  conditions,  because  much  of  the  navy 
yard  was  located  on  made  land  consisting  of  unconsolidated 
water-saturated  materials. 

"The  force  of  the  earthquake  was  concentrated  along 
the  north  shore  of  the  bay  from  Vallejo  to  Santa  Rosa, 
as  shown  by  the  derangement  of  the  San  Francisco  and 
North  Pacific  bridges.  The  heavy  steel  drawbridge  over 
Petaluma  Creek  at  Black  Point,  on  the  Sonoma  Valley 
branch,  a  180-ton  structure,  was  lifted  bodily  one  foot 
vertically  and  two  feet  laterally,  derailed  from  its  circular 
running  gear  and  rendered  useless...  The  drawbridge 
across  Sonoma  Creek  was  also  thrown  out  of  gear..." 
(San  Francisco  Call,  April  1,  1898,  p.  2). 

Schellville:  "The  residence  of  Wm.  Hamilton  on  the  Jones 
ranch  was  lifted  bodily  by  Wednesday  night's  earth- 
quake and  landed  two  feet  from  its  foundation  [MMI 
VIII].  The  earthquake  opened  large  cracks  in  the  earth 
near  Capt.  Hauto's  place.  Some  of  these  are  between 
eight  and  ten  inches  wide.  They  have  filled  up  with  wa- 
ter, the  depth  of  which  has  not  as  yet  been  sounded." 
(Sonoma  Index  Tribune,  April  2,  1898,  p.  2). 

At  Lakeville  a  house  was  partly  demolished  and  other 
houses  suffered  (Petaluma  Daily  Courier,  March  31 , 
1898,  p.  1),  [MMI  VIII]. 

At  Greenwood  Estate  "...the  house  was  twisted  off  its 
four-foot  timber  foundation  and  was  dumped  on  the 
ground  [MMI  VIII]. ..The  levees  were  seamed  and 
cracked. ..a  deep  crevasse  appeared  in  a  field."  (San 
Francisco  Call,  April  3,  1898,  p.5). 

Tubbs  Island:  "...among  the  tules  and  sloughs  and  salt 
water  creeks,  was  surely  the  center  of  the  great  earth- 
quake of  Wednesday  night.  The  island  itself  is  about  the 
texture  of  a  sponge,  and,  when  the  subterranean  force 
took  hold  of  it,  it  heaved  and  rocked  and  trembled  like  a 
platter  full  of  jelly  and  everything  that  was  on  it  was 
moved  out  of  place. 

J.B.  Garrett  runs  the  ranch  for  A.H.  Tubbs  to  whom  it 
belongs  and  he  and  his  wife  live  in  the  upper  story  of  the 
ranch  house.  The  house  is  two  stories  high  and  was 
hard  finished.  There  was  also  a  porch  around  it  and  an 
ell  for  the  kitchen,  but  none  of  these  are  attached  to  it 
now.  The  porch  is  gone — smashed  as  flat  as  a  newly 
rolled  grain  field;  the  kitchen  has  been  torn  down  and 
lies  a  half  dozen  feet  away  from  where  it  was  built  to  the 
main  structure,  and  the  only  bit  of  plaster  still  on  the 
walls  is  hidden  in  one  of  the  upstairs  closets.  As  to  the 
furniture  and  dishes,  there  is  nothing  left  unbroken 
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[MMI  VIII-IX]....A  ditch  running  from  the  house  to  Mid- 
shipman Slough,  a  mile  and  a  half  away,  was  emptied  of 
its  contents,  and  the  red  mud  from  its  bottom  dyes  the 
ground  for  six  feet  on  either  side.  The  ditch  is  five  feet 
wide  and  there  was  at  least  two  feet  of  water  in  it.  Sono- 
ma Creek  kicked  up  its  heels  and  ran  up  its  banks  until  it 
flooded  all  the  land  unprotected  by  levees,  and  in  some 
it  even  splashed  over  these,  something  it  has  never 
done  before.  The  levees  are  cracked  in  places,  and  the 
creek  bank  seems  loosened,  but  not  badly  except  in 
spots."  (The  San  Francisco  Call,  April  3,  1898,  p.  5). 

Mare  Island  and  Vallejo:  "This  earthquake  wrought  such 
damage  at  Mare  Island  Navy  Yard  that  it  may  properly 
be  known  as  the  Mare  Island  earthquake.  Fortunately 
the  loss  of  life  was  small,  owing  to  the  hour.  Had  the 
shops  [Navy  workshops]  been  crowded  there  probably 
would  have  been  many  fatalities."  (Townley  and  Allen, 
1939).  "Vallejo,  March  31 . — The  navy  yard  [sic]  on  Mare 
Island  appears  to  have  been  at  the  center  of  last  night's 
earthquake.  Hardly  one  of  the  magnificent  brick  build- 
ings and  costly  plants  belonging  to  the  Government 
remains  uninjured,  and  the  most  conservative  estimates 
of  the  damage  done  to  Federal  property  place  the  loss 
at  more  than  $100,000.  .  .  .  Although  some  of  the  most 
necessary  workshops  were  destroyed  and  nearly  every 
building  was  more  or  less  damaged,  as  fortune  would 


have  it,  none  of  the  war  vessels  was  injured.  The 
ground  all  about  the  navy  yard  is  seamed  and  creviced. 
The  earth  appears  to  have  cracked  like  brittle  clay.  As  a 
great  part  of  the  ground  is  "made"  the  surface  indica- 
tions are  more  easily  explained,  and  this  fact  probably 
contributed  in  no  small  degree  to  the  damage  which  was 
sustained  here...".  Photograph  1  shows  an  example  of 
the  damage  at  the  Mare  Island  Navy  Yard  [MMI  VIII]. 

"In  Vallejo  itself  many  buildings  were  damaged  and 
householders  mourn  the  loss  of  crockery,  glassware 
and  chimneys.  .  . .  The  walls  of  the  City  hall  are  badly 
sprung  and  the  walls  of  the  Astor  House  Hotel  are 
cracked  and  bulging  in  three  places. .  .  .  Hundreds  of 
chimneys  fell  and  several  lighted  lamps  were  over- 
turned, starting  small  fires.  Several  persons  were  badly 
burned,  and  one  man  was  severely  injured  by  falling 
upon  a  broken  lamp.  Several  alarms  of  fire  were  turned 
in,  and  nearly  everybody  sought  the  street  in  all  kinds  of 
attire"  [MMI  VIII]. 

Figure  1  shows  that  the  strongest  damage  was  just  north  of 
San  Pablo  Bay,  and  indicates  an  epicentral  area  approxi- 
mately centered  on  the  south  end  of  the  Rodgers  Creek  fault. 
This  is  the  only  fault  in  the  MMI  VIII  zone  that  is  Holocene 
active  (Hart,  1992).  The  aftershock  reports  described  below 
also  support  a  source  on  the  southern  Rodgers  Creek  fault. 


Photo  1.  Damage  at  the  Mare  Island  Navy  Yard  from  the  30  March  1898  earthquake  (courtesy  of  Ms.  Sue  Lemon,  Historian,  Mare  Island). 
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AFTERSHOCKS 

The  press  reported  aftershocks  from  the  towns  indicated 
by  squares  enclosing  circles  in  Figure  1.  The  towns  report- 
ing the  most  aftershocks  are  listed  first.  If  aftershocks  were 
reported  most  frequently  at  towns  closest  to  the  source,  then 
the  following  list  is  approximately  in  order  of  increasing 
distance  from  the  causative  fault. 

Sonoma 

'The  first  shock  was  followed  at  intervals  by  four  other 
temblors  that  were  exceedingly  heavy  and  over  twenty 
lesser  ones  that  simply  caused  the  windows  to  rattle 
and  kept  those  who  remained  up  the  balance  of  the 
night  in  a  constant  state  of  alarm..."  (Sonoma  Index- 
Tribune,  April  2,  1898). 

Tubbs  Island  and  Petaluma  Marshes 

"The  shocks  were  heavier  at  Tubb's  Island,  but  they 
were  more  numerous  toward  the  Petaluma  marshes 
[Lakeville  vicinity]."  (San  Francisco  Call,  April  3,  1898). 

This  suggests  that  the  thick  alluvium  at  Tubbs  Island  ab- 
sorbed or  damped  out  the  small  aftershocks  that  were  report- 
ed on  thinner  alluvium  upstream  towards  Lakeville  and  Peta- 
luma. Figure  1,  and  the  description  of  damage  on  page  387, 
indicate  that  Tubbs  Island  was  near  the  center  of  destruction. 

Vallejo 

"Following  the  main  shock,  there  was  repeated  light 
shocks..."  (Record  Union  Sacramento,  April  1,  1898,  p. 
8). 
Napa 

"The  first  shock  was  followed  by  four  or  five  smaller 
shocks  before  daylight."  (Napa  Journal,  April  1 ,  1898). 

Petaluma 

"Lighter  shocks  were  also  felt  at  1 ,3,  and  5  o'clock  this 
morning."  (Petaluma  Daily  Courier,  March  31,  1898). 

Martinez 

'There  were  several  other  tremors  during  the  night  and 
one  quite  heavy  at  5  o'clock  Thursday  [31st]  morning." 
(Contra  Costa  Gazette,  Martinez  April  2,  1898). 

Santa  Rosa 

"For  hours  after  the  shock  the  streets  remained  crowd- 
ed. .  .    People  who  had  never  been  known  to  take  the 
middle  of  the  road  did  so.  They  feared  another  shock." 
(Santa  Rosa  Press  Democrat,  April  2,  1898).  "Though 
the  earth  seemed  to  tremble  for  several  minutes,  the 
shock  lasted  less  than  thirty  seconds  and  there  was  no 
recurrence  of  the  quaking."  (Daily  Republican,  Santa 
Rosa,  March  31,  1898). 

The  reports  of  aftershocks,  which  apparently  were  stron- 
gest and  most  numerous  from  Sonoma  and  the  Petaluma 
Marshes  near  Lakeville,  are  consistent  with  a  source  on  the 
southern  Rodgers  Creek  fault. 


BAY  AND  OFFSHORE 

The  earthquake  created  some  disturbance  on  the  bay  and 
was  felt  offshore  as  evidenced  by  the  following  accounts: 

"The  barge  Rufus  E.  Wood  felt  it  off  Point  Reyes,  and 
the  pilot  schooner  America  was  pitched  about  violently 
just  outside  the  heads....  and  the  ferry-boat  Encinal, 
lying  in  the  slip  on  this  side  of  the  bay  danced  merrily 
to  the  music  of  the  trembler. 

The  Rufus  E.  Wood  was  sailing  for  this  port,  and  was 
some  distance  south  by  east  from  Point  Reyes.  So 
great  was  the  shock  that  the  vessel  was  struck  aback. 
The  second  mate,  who  was  in  charge  of  the  deck, 
thought  that  the  Wood  had  run  into  a  submerged  rock 
or  the  hull  of  a  derelict... 

The  people  on  the  America  were  greatly  alarmed.  Prior 
to  the  shock  the  sea  had  been  perfectly  calm,  and 
when  the  schooner  was  suddenly  thrown  almost  out  of 
the  water  and  then  flung  about  like  a  plaything  visions 
of  submarine  mines  and  everything  but  earthquakes 
disturbed  the  minds  of  all  on  board..." 

"Out  on  the  bay  a  violent  tidal  wave  lifted  small  boats 
high  upon  its  crest..."  (The  Evening  Bee  March  31, 
1898,  p.  2). 

"The  waters  of  San  Francisco  Bay  rose  in  a  tidal  wave 
two  feet  high,  but  almost  immediately  subsided."  (The 
Record  Union,  March  31,  1898,  p.  8). 
"The  water  off  the  Oakland  mole  was  churned  into  big 
seas,  and  the  yachts  were  severely  tossed  about  for 
several  minutes.  Large  waves  beat  against  the  rocking 
ferry  houses  but  did  no  damage."  (The  San  Francisco 
Call,  April  1,  1898,  p.  2). 

"The  steamer  Napa  City  was  rounding  Jack's  Point 
when  the  earthquake  occurred  and  Captain  Pinkham 
says  the  shock  appeared  to  lift  the  boat  out  of  the 
water.. ..when  he  saw  the  water  in  agitation  he  knew 
that  it  was  an  earthquake."  (Napa  Journal,  April  1 , 
1898,  p.  2). 

The  reports  of  a  "tidal  wave"  and  waves  in  the  Oakland 
mole  suggest  either  a  seiche  in  the  Bay,  or  a  minor  tsunami 
due  to  deformation  of  the  Bay  floor.  The  Presidio  marigram 
indicates  storm  noise  starting  12  hours  before  the  earth- 
quake and  continuing  at  least  3  days  (James  Lander,  oral 
communication).  We  locate  the  earthquake  source  at  the 
southern  end  of  the  Rodgers  Creek  fault,  northwest  of  the 
active  fault  in  San  Pablo  Bay  that  Anima  and  others  (1992) 
suggest  links  the  Pinole  and  Rodgers  Creek  faults. 

Account  of 
Professor  George  E.  Davidson 

This  account  was  made  immediately  after  the  earthquake 
by  George  Davidson,  president  of  the  California  Academy 
of  Sciences.  It  compares  the  1898  event  to  the  1868  Hay- 
ward  earthquake,  and  refers  to  the  investigation  of  the  1868 
earthquake  that  was  not  published.  The  1868  investigation 
was  more  recently  discussed  by  Prescott  (1982)  and  by  Al- 
drich  and  others  (1986).  Davidson  also  suggests  that  in  1898 
the  Bay  Area  was  entering  a  seismically  active  period. 
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Figure  2.  Modified  Mercalli  Intensity  VI  isoseismals  for  the  earthquakes  of  1898  Northern  San  Pablo  Bay,  1969  Santa  Rosa, 
1982  Morgan  Hill,  and  1989  Loma  Prieta. 
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"The  shock  was  a  long  one,  but  was  slight  in  ampli- 
tude. It  does  not  at  all  compare  with  the  earthquake  of 
1868  or  of  1857... [Davidson  did  not  realize  that  his 
position  in  San  Francisco  was  closer  to  the  1868  Hay- 
ward  source  (20  km)  than  to  the  1 898  fault  source  (40 
km,  Figure  1)]. 

My  opinion  is  that  it  will  be  found  that  the  center  of  this 
shake  is  somewhere  in  San  Francisco  bay.  I  judge  so 
from  reports  from  the  surrounding  points.  It  will  proba- 
bly be  found  that  the  worst  shake-ups  in  this  city  were 
along  Battery  and  Front  streets  where  the  made  land 
and  the  rocky  base  of  San  Francisco  unite.  At  that 
locality  the  shock  in  1 868  was  severest.  To  show  that 
the  earthquake  of  last  night  was  not  nearly  so  severe 
as  that  of  1868  it  is  only  necessary  to  look  at  the  re- 
sults. .  .  .  Walls  were  thrown  down  and  some  people 
were  killed  [in  1868].  A  scientific  committee  was  ap- 
pointed to  investigate  the  affair.  .  .  .  The  merchants 
wanted  to  know  all  about  it  in  order  to  determine  what 
should  be  done  to  make  them  more  secure  in  their 
houses.  I  was  a  member  of  that  committee,  and  I  re- 
member that  the  result  of  our  investigation  was  so  star- 
tling that  we  never  published  our  report.  It  was  thought 
to  do  so  would  frighten  people  who  intended  to  come 
here  to  settle. 

I  have  experienced  55  earthquake  shocks  in  my  time — 
some  here  and  others  in  Texas,  Oregon,  Washington 
and  other  parts  of  the  country — and  I  take  great  inter- 
est in  the  subject.  We  have  had  a  long  rest  now  and  I 
should  not  be  surprised  if  times  should  be  a  little  liveli- 
er now.  After  long  seasons  of  comparative  quietude, 
there  is  likely  to  follow  a  short  period  in  which  earth- 
quakes are  more  frequent.  I  look  for  lively  times  now." 
(The  San  Francisco  Bulletin,  April  1,  1898)." 

Remarkably,  Davidson's  speculative  conclusion  was  to  be 
supported  by  subsequent  seismicity  which  culminated  8 
years  later  with  the  great  1906  San  Francisco  earthquake. 

MAGNITUDE 

A  magnitude  (M)  of  6.2  was  estimated  for  the  1898  event 
by  Toppozada  and  others  (1981)  by  comparing  the  size  of 
its  isoseismal  areas  to  those  of  instrumentally  defined  Cali- 
fornia and  Western  Nevada  earthquakes,  using  equations  of 
Toppozada  (1975).  This  M6.2  estimate  now  appears  low  in 
light  of  recent  instrumentally  define  earthquakes  in  the  Bay 
area.  Also,  Ellsworth  (1990)  assigned  M6.5  to  the  1898 
event. 

It  is  best  to  limit  the  comparison  of  isoseismal  areas  for 
the  1898  event  to  those  of  earthquakes  in  the  Bay  area,  to 
avoid  possible  differences  in  attenuation  characteristics  be- 
tween the  various  structural  provinces  of  California  and 
Western  Nevada.  Figure  2  compares  the  MMI  VI  isoseis- 
mals  for  the  1898  earthquake  with  those  for  the  1969  Santa 
Rosa,  1984  Morgan  Hill,  and  1989  Loma  Prieta  events.  Fig- 
ure 2  shows  that  the  areas  damaged  in  the  1969  and  the 
1898  earthquakes  approximately  align  with  the  Rodgers 
Creek  fault.  Clearly  the  area  shaken  at  MMI  VI  or  greater  in 


the  1898  earthquake  is  larger  than  those  in  the  1969  and 
1984  events  and  smaller  than  that  in  the  1989  event. 

The  1984  Morgan  Hill  of  ML6.2  and  the  1989  Loma  Prieta 
earthquake  of  ML7.0  have  magnitudes  that  bracket  those  of 
the  1898  event.  Using  the  1984  and  1989  areas  and  magni- 
tudes to  calibrate  the  magnitude  -  area  relations  of  Toppoza- 
da (1975),  results  in  the  following  estimates: 

1898  M  Estimate 

Comparing  V  areas  6.7 

Comparing  VI  areas  6.5 

Comparing  VII  areas  6.8 

Comparing  VIII  areas  6.7 

The  average  of  the  estimates  from  the  four  sets  of  areas  is 
M6.7  for  the  1898  earthquake.  This  is  significantly  larger 
than  the  estimate  of  M  6.2  by  Toppozada  and  others  (1981), 
that  did  not  include  data  from  the  recent  Bay  Area  events. 

Probable  Source  Fault 

The  locations  of  most  intense  shaking  and  reported  damage 
(MMI  VIII  or  greater)  occur  in  areas  of  Bay  mud  and/or  very 
shallow  groundwater  along  the  northern  perimeter  of  San 
Pablo  Bay  and  along  the  lower  Sonoma  and  Petaluma  rivers 
(Figure  1).  These  areas  include  portions  of  Mare  Island  (MMI 
VIII),  Vallejo  (VIII),  Tubbs  Island  (VIII-IX),  Greenwood 
Estates  (VIII),  Lakeville  (VIII),  Petaluma  (VIII),  and 
Schellville  (VIII).  Thus  the  designation  "Mare  Island"  earth- 
quake derives,  not  from  Mare  Island  being  necessarily  closest 
to  the  focus  of  energy  release,  but  from  the  fact  that  Mare 
Island  was  the  site  of  the  largest  concentration  of  major  struc- 
tures (navy  workshops,  etc.)  on  poor  ground.  For  example, 
the  damage  to  the  Navy  workshops  in  Photo  1  is  less  than  the 
destruction  described  above  at  Tubbs  Island,  which  was 
sparsely  populated. 

The  various  accounts  of  damage  indicate  that  this  earth- 
quake originated  near  the  northern  margin  of  San  Pablo  Bay 
(Figure  1).  MMI  VIII  or  greater  shaking  extends  from  Vallejo 
where  "hundreds  of  chimneys  fell"  to  Petaluma  where  "at 
least  300  chimneys  will  have  to  be  rebuilt"  (San  Francisco 
Chronicle,  April  1,  1898).  The  number  and  strength  of  after- 
shocks also  favor  a  source  near  the  lower  Sonoma  and  Petalu- 
ma valleys  bordering  northern  San  Pablo  Bay,  rather  than 
near  Mare  Island  or  Vallejo.  The  probable  epicentral  area  is 
stippled  in  Figure  1,  and  includes  the  southern  ends  of  the 
Rodgers  Creek  and  Tolay  faults.  Within  the  MMI  VIII  iso- 
seismal area  of  Figure  1,  the  only  known  Holocene  active 
fault  is  the  Rodgers  Creek  (Hart,  1992).  There  is  also  geo- 
physical evidence  that  the  Rodgers  Creek  fault  extends  south- 
ward beneath  San  Pablo  Bay  (Wright  and  Smith,  1992),  and 
that  it  may  connect  to  the  Pinole  fault  (Anima  and  others. 
1992).  We  conclude  that  the  source  of  the  1898  earthquake 
was  centered  approximately  at  the  intersection  of  the  Rodgers 
Creek  fault  with  the  north  shore  of  San  Pablo  Bay  (Figure  1). 
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Damaging  earthquakes  (M5.6,  M5.7)  occurred  in  1969  in 
Santa  Rosa  near  the  northwestern  end  of  the  Rodgers  Creek 
fault,  where  it  steps  to  the  right  to  the  Healdsburg  fault  (Stein- 
brugge  and  others,  1970;  Wong  and  Bolt,  1992).  This  sug- 
gests that  the  vicinity  of  both  ends  of  the  Rodgers  Creek  fault 
have  been  the  sites  of  stress  concentrations  that  have  generat- 
ed damaging  earthquakes  in  the  last  100  years.  Figure  2  illus- 
trates that  the  areas  shaken  at  MMI  VI,  or  greater  during  the 
1969  and  1898  earthquakes  are  approximately  centered  on 
opposite  ends  of  the  Rodgers  Creek  fault. 

The  central  part  of  the  fault  has  been  trenched  by  the  U.S. 
Geological  Survey  (USGS),  revealing  evidence  for  several 
major  (M7)  prehistoric  earthquakes  (Budding  and  others, 
1991;  Schwartz  and  others,  1992),  and  suggesting  a  slip  rate 
of  6.4-10.4  mm/yr  for  the  past  550-600  years  (Schwartz  and 
others,  1991,  1992).  This  trench  site  is  located  about  12  miles 
(20  km)  to  the  northwest  of  the  intersection  of  the  fault  with 
San  Pablo  Bay,  just  north  of  the  VIII  zone  in  Figure  1.  A 
M6.7  event  would  have  a  surface  rupture  of  about  17  miles 
(28  km)  length  (Slemmons,  1982).  The  1898  event  was  cen- 
tered near  the  intersection  of  the  Rodgers  Creek  fault  with  the 
shore  of  San  Pablo  Bay  (Figure  1),  and  any  surface  faulting 
was  probably  located  to  the  southeast  of  the  USGS  trench. 
Faulting  on  the  Rodgers  Creek  fault  could  have  extended 
from  the  latitude  of  Petaluma  to  the  latitude  of  Mare  Island. 

CONCLUSIONS 

1.  Interpretation  of  earthquake  intensities  from  newspaper 
accounts  of  the  1898  earthquake  results  in  isoseismals  that 
center  on  the  southern  end  of  the  Rodgers  Creek  fault. 

2.  Aftershocks  of  the  earthquake  were  reported  felt  in  Napa, 
Sonoma,  Petaluma,  Petaluma  Marshes,  Tubbs  Island, 
Vallejo,  and  Martinez,  with  the  strongest  and  most  numer- 
ous apparently  being  reported  from  Sonoma. 

3.  Conclusions  1  and  2  indicate  a  source  at  the  southern  end 
of  the  Rodgers  Creek  fault. 

4.  Faulting  on  the  Rodgers  Creek  fault  in  the  1898  earthquake 
could  have  extended  from  the  latitude  of  Petaluma  to  the 
latitude  of  Mare  Island. 

5.  Comparisons  of  the  MMI  V,  VI,  VII,  and  VIII  isoseismals 
with  those  of  the  1984  Morgan  Hill  and  1989  Loma  Prieta 
events  indicate  an  estimated  magnitude  M6.7  for  the  1898 
earthquake. 
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Late  Holocene  Behavior  and  Seismogenic  Potential 

of  the  Rodgers  Creek  Fault  Zone, 

Sonoma  County,  California1 
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ABSTRACT 

The  Rodgers  Creek  Fault  Zone  (RCFZ)  is  a  major  fault  segment  within  the  San  Francisco  Bay  Area  strike- 
slip  system  and  is  a  potential  source  of  the  next  M7  Bay  Area  earthquake.  The  surface  expression  of  the 
fault  extends  from  just  north  of  Highway  37  on  the  south  to  approximately  6  km  southeast  of  Healdsburg  on 
the  north,  a  total  distance  of  about  60  km.  Along  much  of  its  length  the  RCFZ  is  in  bedrock,  but  where  it  ex- 
ists in  alluvium  it  displays  classical  strike-slip  geomorphology.  The  central  section  of  the  RCFZ  contains 
some  of  the  best  preserved  microgeomorphic  expression  of  recent  surface  faulting.  These  features  include 
offset  and  beheaded  streams,  shutter  ridges,  pressure  ridges,  sag  ponds,  and  fault  scarps,  all  of  which  are 
developed  in  late  Holocene  alluvial  deposits.  This  section  of  the  fault  also  contains  the  two  trench  sites  that 
have  been  the  focus  of  USGS  efforts  to  develop  information  on  the  recent  behavior  of  this  major  Bay  Area 
earthquake  source. 

In  1988  the  Working  Group  on  California  Earthquake  Probabilities  (WGCEP,  1988)  issued  its  first  report  on 
the  probability  of  a  M7  earthquake  in  the  San  Francisco  Bay  Area  during  the  next  30  years.  The  probability 
was  50  percent.  This  value  was  based  on  the  then-current  understanding  of  the  behavior  of  the  north  and 
south  segments  of  the  Hayward  fault,  and  of  the  North  Coast  (1906  rupture  zone),  Peninsula,  and  Santa 
Cruz  Mountains  segments  of  the  San  Andreas  fault  zone.  The  Rodgers  Creek  fault  zone,  which  had  long 
been  recognized  as  a  major  Holocene  fault  and  was  designated  as  a  Special  Study  zone  by  the  California 
Division  of  Mines  and  Geology,  was  discussed  during  meetings  of  the  WGCEP.  However,  the  decision  was 
made  to  exclude  the  RCFZ  from  the  probabilistic  estimate  because  of  a  complete  absence  of  information  of 
earthquake  recurrence  intervals,  slip  rate,  slip  per  event,  and  the  elapsed  time  since  the  most  recent  M7 
earthquake. 


BEEBE  RANCH  SITE 

In  May  1989,  before  the  Loma  Prieta  earthquake,  we  initiat- 
ed a  study  of  the  Rodgers  Creek  fault  zone  for  the  specific 
purpose  of  obtaining  information  on  its  Late  Holocene  behav- 
ior. The  first  site  was  on  the  Beebe  Ranch  (Figure  1).  At  this 
location  we  used  offset  channels  exposed  in  trenches  across 
alluvial  fan  and  debris  flow  deposits  to  measure  a  minimum 
slip  rate  of  2.1  to  5.8  mm/yr  for  the  past  1300  years,  calculate 
a  preferred  range  for  the  maximum  recurrence  interval  of  248 
to  679  years,  and  measure  a  surface  offset  of  2  +0.3,  -0.2  m 
during  the  most  recent  event.  These  initial  results  were  report- 


ed in  Budding  and  others  (1991)  and  led  directly  to  inclusion 
of  the  RCFZ  in  the  revised  30-year  probabilities  for  the  Bay 
Area  (WGCEP,  1990).  The  probability  estimated  for  the 
RCFZ  was  &22  percent  and  the  addition  of  the  fault  was  the 
primary  factor  in  increasing  the  Bay  Area  probability  to  67 
percent.  Continuing  investigations  at  the  Beebe  Ranch  site, 
particularly  new  radiocarbon  dates  obtained  in  the  Spring  of 
1991,  have  allowed  us  to:  a)  increase  the  slip  rate  estimate  to 
6.4-10.4  mm/yr  for  the  past  750  years,  which  is  a  rate  com- 
parable to  the  Hayward  fault  zone;  and  b)  revise  the  calculated 
recurrence  interval  to  131-370  years  with  a  best  estimate  of 
230  years. 


'Reprinted  with  minor  editorial  modifications  from  Schwartz,  D.P.,  1992,  Late  Holocene  behavior  and  seismogenic  potential  of  the  Rodgers 
Creek  fault  zone,  Sonoma  County,  California,  in  Wright,  T.L.,  ed.,  Field  trip  guide  to  late  Cenozoic  geology  in  the  North  Bay  Region:  Northern 
California  Geological  Society,  May  16,  1992,  p.  115-123. 

2U.S.  Geological  Survey,  345  Middlefield  Road,  MS  977,  Menlo  Park,  CA  94025 

3lstituto  Nazionale  di  Geofisica,  Rome,  ITALY 

"Geological  Survey  of  Japan,  Tsukuba,  JAPAN 

5U.S.  Geological  Survey,  Denver  Federal  Center,  MS  910,  Denver,  CO  80225 
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Figure  1 .  Locatiop  of  trench  sites  in  the  Glen  Ellen  IVi  quadrangle,  Sonoma  County,  California. 
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Figure  3.  View  southeast  along  the  Rodgers  Creek  fault  across  the  Triangle  G  Ranch  paleoseismology  site. 


TRIANGLE  G  RANCH  SITE 

In  the  summer  of  1991  seven  trenches  were  excavated  paral- 
lel to  and  across  the  RCFZ  (Figures  2  and  3)  in  fluvial  depos- 
its on  the  Triangle  G  Ranch,  0.7  km  to  the  north  of  the  Beebe 
Ranch  site  (Figure  1).  At  this  location  the  fault  is  expressed  as 
a  3-  to  8-m  wide,  1-m  high  pressure  ridge.  The  southwest  edge 
of  the  pressure  ridge  is  a  scarplet  formed  by  slip  along  subver- 
tical  faults;  the  northeast  edge  is  a  scarplet  formed  by  slip 
along  low  angle  reverse  oblique-slip  faults.  The  trenches  ex- 
posed evidence  of  the  past  three  surface  faulting  earthquakes 
on  the  RCFZ.  Each  palcoearthquake  is  identified  on  the  basis 
of  the  upward  termination  of  faults  by  unfaulted  deposits  and 
by  other  stratigraphic  indicators  such  as  Fissure  infills.  Initial 
accelerator  mass  spectrometer  radiocarbon  dating  of  detrital 
charcoal  indicates  the  three  events  occurred  during  approxi- 
mately the  past  KKK)  years.  Our  preliminary  earthquake  chro- 
nology based  on  dendrocorrected  ages  is: 


Event  Y  occurred  after  1438-1654  AD  but  before  1808  AD 
and  is  the  most  recent  paleoearthquake  on  this  part  of  the 
RCFZ.  It  is  observed  along  both  traces  of  the  fault  in  trench  3 
where  the  vertical  trace  offsets  deposits  dated  at  1438-1654 
AD  (Figure.  4).  It  is  also  observed  in  correlative  units  in 
trench  5  (Figure  5). 

Event  S  occurred  after  993-1 193  AD  but  before  1275-1413 
AD.  This  paleoearthquake  is  identified  in  the  lower  part  of 
trench  5  by  a  faulted  fissure  infill  and  by  upward  termination 
of  shears  along  the  dipping  trace  (Figure  5). 

Event  D  occurred  shortly  before  993-1 193  AD.  The  event 
is  defined  by  upward  termination  of  a  dipping  fault  trace  in 
trench  4  (Figure  6).  The  unfaulted  unit  that  directly  overlies 
this  fault  trace  is  the  same  unit  that  defined  the  ground  surface 
in  trench  5  at  the  time  of  event  S. 
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1275-1413  AD 


1438-1654  AD 


TRENCH  3 


TRENCH   7 


ure  4.  Log  of  the  southeast  wall  of  trench  3  at  the  Triangle  G  site. 


3ENCH  5 


Radiocarbon  dating  of  an  additional  20  charcoal  samples 
from  the  Triangle  G  site  is  in  progress  and  results  will  be 
available  in  the  fall  of  1992.  These  new  dates  should  place 
tighter  constraints  on  the  timing  of  the  three  paleoevents.  Ad- 
ditional trenching  is  planned  at  this  site  for  late  summer  1992 
to  trace  a  distinct  channel  that  may  provide  information  on  the 
amount  of  offset  during  the  most  recent  event.  The  present 
fault  behavior  information  from  both  sites  is  summarized  on 
Figure  7.  Results  are  encouragingly  consistent.  Actual  inter- 
vals are  within  the  range  of  calculated  values,  which  gives 
hope  that,  for  the  Bay  Area  strike-slip  fault  segments,  our 
approach  to  defining  recurrence  for  hazard  estimates  is  not 
entirely  unreasonable. 


ure  5.  Log  of  the  southeast  wall  of  trench  5  at  the  Triangle  G  site. 


ure  6.  Log  of  the  southeast  wall  of  trench  4  at  the  Triangle  G  site. 
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BEEBE  RANCH 

TRIANGLE  G 

Slip  Rate 

6.4-1  OAmm/yr 
(775yr) 

—  . 

Slip/Event 

1 .8-2. 3m 

— 

Recurrence 

3  events 

(<  925yr) 

3  events 

(<1000yr) 

Interval 

131-37CV 

230yr 

Y>1 438-1 654  AD 
S>993/1193<1275/1413  AD 
D<993-1193  AD 

Elapsed 
Time 

1  84yr  (min) 
472-602yr  (max) 

1  84yr  (min) 
338-554yr  (max) 

Figure  7.  Summary  of  present  fault  behavior  from  Beebe  Ranch  and  Triangle  G  Ranch. 


THE  FUTURE 

The  elapsed  time  on  this  part  of  the  RCFZ  is  the  longest  of 
any  major  Bay  Area  segment  (at  least  184  years)  and  is  near, 
at,  or  possibly  beyond  the  average  repeat  time.  A  two-meter 
slip  event  along  the  fault  trace  could  occur  at  any  time. 
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The  Healdsburg-Rodgers  Creek  Fault 
in  Santa  Rosa 


by 
Allen  D.  Bailey1  and  John  C.  Burton2 


ABSTRACT 

In  our  investigation  of  the  mapped  location  of  the  active  Healdsburg-Rodgers  Creek  fault  in  Santa  Rosa, 
we  have  reinterpreted  geologic  features,  formerly  considered  faults,  to  be  weathered  sedimentary  con- 
tacts.  In  addition,  we  have  discovered  a  new  fault  along  the  projected  strikes  of  the  Rodgers  Creek  and 
Healdsburg  faults  that  we  suggest  connects  these  two  faults  which  were  formerly  mapped  as  separate 
structures.  We  present  evidence  for  our  reinterpretation  of  the  previously-mapped  faults  and  the  location 
of  the  new  fault. 

The  Division  of  Mines  and  Geology  (Alquist-Priolo  Special  Study  Zone  map)  and  previous  site-specific 
investigations  place  the  Healdsburg-Rodgers  Creek  fault  through  the  Sonoma  County  Health  Facility  on 
Chanate  Road.   In  this  area,  the  Sonoma  Volcanics  and  Glen  Ellen  Formation  blanket  the  Santa  Rosa  Hills 
and,  at  the  site  of  the  Health  Facility,  are  composed  of  various  volcanic  rocks  and  massive,  commonly 
tuffaceous,  fluvial/lacustral  sediments,  respectively.  The  fault  has  been  mapped  within  and  between  these 
formations  by  previous  investigators  on  the  basis  of  photo-geologic  interpretation,  reconnaissance  geolo- 
gy, and  interpretation  of  geology  exposed  in  trench  walls.   However,  our  recent  regional  and  site-specific 
mapping,  exploratory  excavations,  and  borings  indicate  that  the  "faults"  interpreted  by  previous  investiga- 
tors at  the  Health  Facility  are  not  faults  but  steeply-dipping  sedimentary  contacts  between  weathered  rock 
layers.  These  contacts  bound  rocks  that  contain  smectitic  clay  that  diminishes  with  depth.  We  interpret  the 
clay  along  the  contacts  to  be  a  weathering  product  rather  than  fault  gouge. 

Approximately  1 .5  km  northwest  of  the  Health  Facility,  we  discovered  a  horst  cored  by  Franciscan  Com- 
plex and  bounded  by  the  Glen  Ellen  Formation  and  ash  of  the  Sonoma  Volcanics.  We  interpret  this  horst 
to  be  a  piercement  analogous  to  similar  features  in  the  Eastern  San  Francisco  Bay  Area.  The  piercement 
northwest  of  the  Health  Facility  is  located  along  the  projected  strike  of  the  Rodgers  Creek  fault  to  the  south 
of  Santa  Rosa  and  the  Healdsburg  fault  to  the  north,  and  thus  appears  to  connect  these  two  faults.  We 
therefore  hypothesize  that  the  Healdsburg-Rodgers  Creek  fault  is  a  continuous  structure  striking  north- 
westward through  the  Santa  Rosa  Mountains,  and  does  not  pass  through  the  Health  Facility  but  passes 
along  a  more  direct  path,  approxmately  600  m  to  the  west. 


1  Engineering  Geologist,  Bailey  Scientific,  603  Walnut  Drive,  Suisun,  CA  94585-1555 

2  Geotechnical  Engineer,  Rutherford  and  Chekene,  303  2nd  Street,  Suite  800  North,  San  Francisco,  CA    94107 
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Holocene  Faulting  in  a  Pipeline  Trench 
Across  the  Rodgers  Creek  Fault  Zone 


by 
Kenneth  H.  Burcham1  and  Gary  E.  Van  Houten2 


ABSTRACT 

The  Rodgers  Creek  fault  is  an  en  echelon  strike  slip  fault  zone  in  the  northern  California  Coast  Ranges 
geomorphic  province.  This  fault  has  caused  damaging  earthquakes  as  recently  as  1969.  A  fault  investiga- 
tion was  performed  by  mapping  a  1 .4-mile  long  utility  trench  that  crosses  the  Rodgers  Creek  fault  in 
southeastern  Sonoma  County.  Three  quarters  of  the  trench  length  was  mapped  at  scales  of  1  inch  to  10 
feet  and  1  inch  to  5  feet.  The  detailed  trench  logging  and  surface  geologic  mapping  were  completed  so 
that  special  construction  methods  could  be  implemented  where  the  24-inch  diameter  natural  gas  pipeline 
crosses  fault  traces. 

Geologic  data  developed  from  the  trenches  modify  mapping  of  this  area  of  Sonoma  County  and  the 
Rodgers  Creek  fault  zone.  Strong  linear  traces  mapped  as  faults  in  the  Mio-Pliocene  Petaluma  Formation 
actually  were  due  to  preferential  erosion  along  strike  of  the  moderately  dipping  sedimentary  rocks.  Al- 
though the  Petaluma  has  been  considered  coeval  with  the  Mio-Pliocene  Sonoma  Volcanics,  the  volcanics 
were  found  to  overlie  the  moderately  folded  sedimentary  rocks  at  this  location.  Previously  unknown  lahar 
deposits  were  mapped  in  the  Sonoma  Volcanics  crossed  by  the  trench. 


INTRODUCTION 

The  northern  San  Francisco  Bay  Area,  like  much  of  Califor- 
nia, is  geologically  complex,  having  undergone  many  geomor- 
phic changes  through  faulting  and  other  tectonic  events.  Five 
major  fault  zones  are  known  to  be  active  during  the  Holocene 
Epoch  in  the  general  vicinity:  the  Rodgers  Creek  fault;  the 
Healdsburg  fault;  the  Green  Valley  fault;  the  Hayward  fault; 
and  the  San  Andreas  fault.  All  five  of  these  faults  are  parts  of 
the  San  Andreas  fault  system  (Figure  1).  The  sense  of  move- 
ment for  each  of  these  faults  is  predominantly  right-lateral 
strike-slip. 

Previous  mapping  in  the  study  area  was  restricted  mostly  to 
surface  morphology  interpretations  (California  Division  of 
Mines  and  Geology,  1983;  Fox  and  others,  1973;  Herd,  1978; 
Huffman  and  Armstrong,  1980;  Wagner  and  Bortugno,  1982). 
A  1.4-mi  utility  trench  excavation  allowed  us  to  use  surface 
geology  to  produce  an  informal  geologic  map  for  this  study 
(Figure  2).  The  trench  was  excavated  by  Pacific  Gas  and  Elec- 
tric Company  (PG&E)  in  1986  and  in  1988  to  replace  an  ag- 
ing natural  gas  line  with  a  new  24-inch  diameter  steel  pipe. 
The  portion  of  the  alignment  that  crosses  the  Rodgers  Creek 
fault  zone  was  excavated  and  mapped  in  1988  (Van  Houten 
Consultants,  Inc.,  1988). 


The  purpose  of  this  fault  investigation  was  to  obtain  sub- 
surface information  so  that  special  construction  methods 
could  be  used  where  the  pipeline  crosses  active  (Hart,  1982, 
1992a,  1992b)  fault  traces. 

REGIONAL  SETTING 

The  study  area  is  within  the  northern  California  Coast  Rang- 
es where  folding,  faulting,  and  volcanism  have  produced  the 
geologic  structures  and  topography  with  predominantly  north- 
west orientation. 

The  Rodgers  Creek  fault  is  within  the  Sonoma  Mountains,  a 
northwest  trending  range  separating  the  Petaluma  and  Sonoma 
Valleys  (Figure  1).  The  range  exposes  bedrock  mapped  as  the 
Mio-Pliocene  age  Sonoma  Volcanics  and  the  coeval  non- 
marine  Petaluma  Formation  sedimentary  rocks  (Wagner  and 
Bortugno,  1982).  Fan  deposits  along  the  base  of  the  mountain 
range  interfinger  with  valley  basin  alluvium.  Shallow  alluvial 
and  colluvial  deposits  fill  small  basins  and  channels  within  the 
Sonoma  Mountain  range.  The  slopes  of  the  range  are  blanket- 
ed by  large  zones  of  landsliding  that  often  mask  geologic 
structures. 


1HydroTerra  Consultants,  P.O.  Box  317,  Petaluma,  CA  94953 

^an  Houten  Consultants,  Inc.,  422  Petaluma  Boulevard  North,  Petaluma,  CA  94952 
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Figure  1 .  Location  map  showing  active  faults  in  the  northern  San  Francisco  Bay  Area.  Fault  symbols:  GV  -  Green  Valley; 
H-Hayward;  HB-Healdsburg;  RC-Rodgers  Creek;  SA-San  Andreas  faults. 


The  Sonoma  Volcanics  and  Petaluma  Formations  generally 
are  thought  to  be  contemporaneous  products  of  co-existing 
volcanic  and  terrigenous  terrains.  Below  we  show  evidence 
that  the  Sonoma  Volcanics  overlie  the  moderately  folded  Peta- 
luma Formation. 

RODGERS  CREEK  FAULT 

In  the  nineteenth  century  the  Rodgers  Creek  fault  zone  appar- 
ently produced  damaging  earthquakes  in  1865,  1893,  1898 
(Toppozada  and  others,  1992),  and  1899  (Cloud  and  others, 
1970).  Two  moderate  earthquakes  with  Richter  magnitudes  of 


5.6  and  5.7  occurred  on  the  Healdsburg-Rodgers  Creek  fault 
system  in  1969  (Cloud  and  others,  1970;  Envicom,  Inc.,  1978). 
The  greatest  damage  was  experienced  in  downtown  Santa  Rosa 
due  to  strong  ground  shaking.  No  reports  of  surface  ground 
rupture  were  confirmed  for  the  1969  earthquake,  although 
subsidence  along  the  Healdsburg  fault  occurred  in  a  graveyard 
in  Santa  Rosa  (E.W.  Hart,  personal  communication,  1988). 
No  reports  of  ground  rupture  from  historic  earthquakes  have 
been  recorded  for  the  Healdsburg-Rodgers  Creek  fault,  al- 
though this  may  be  in  part  due  to  the  sparse  population  along 
the  fault  zone.  A  Richter  magnitude  earthquake  of  7.0  could 
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occur  along  the  Rodgers  Creek  fault  zone  within 
the  next  30  (Schwartz  and  others,  1992)  to  200 
years  (Bonilla  and  others,  1984;  Hays,  1980). 

The  trench  alignment  crosses  three  active  fault 
traces  mapped  by  the  California  Division  of 
Mines  and  Geology  (Figure  2).  North  of  the 
western  fault  trace,  extensive  zones  of  massive 
landsliding  obscure  the  surface,  obliterating 
most  indications  of  active  faulting,  and  making 
the  locations  of  mapped  traces  uncertain  (Hart, 
1982, 1992b). 

A  stream  channel  offset  approximately  500 
feet  south  of  the  trench  strongly  suggests  right- 
lateral  displacement.  This  is  consistent  with  fault 
features  mapped  by  CDMG  (Hart,  1982, 1992b) 
which  include  a  steeply-dipping  shear  zone  with 
strongly  developed  horizontal  striations  exposed 
in  mudstone  of  the  Petaluma  Formation  in  the 
Champlin  Creek  Channel,  which  has  been  offset 
right-laterally  about  15  feet. 

TRENCH  GEOLOGY 

Detailed  geologic  mapping,  at  scales  of  1  inch  equals  5  feet 
in  areas  showing  faulting  and  1  inch  equals  10  feet  in  the  re- 
mainder, was  performed  in  a  utility  trench  6-16  feet  deep  for  a 
distance  of  7257  feet  (Van  Houten  Consultants,  Inc.,  1986). 
Beginning  at  the  east  end  of  the  trench  alignment,  subsurface 
conditions  revealed  that  older  fan  deposits  unconformably 
overlie  and  have  been  incised  by  channels  into  the  underlying 
Petaluma  Formation.  In  the  study  area,  the  Petaluma  Forma- 
tion generally  is  massively  bedded,  fine-grained,  moderately 
well  cemented  with  clay,  has  numerous  flexure  joint  fractures, 
and  is  moderately  to  steeply  dipping.  Huffman  and  Armstrong 
(1980)  and  a  geologic  reconnaissance  of  the  alignment  (Van 


r 


Photo  2.  Sonoma  Volcanics  fine  tuff  in  fault  contact  with  coarse  agglomerate.  Note 
hammer  for  scale. 


Houten  Consultants,  Inc.,  1984)  interpreted  offset  beds  to  be 
entirely  within  the  Petaluma  Formation  and  northwest  trend- 
ing lineaments  to  be  possibly  fault  related.  Trenching  re- 
vealed, however,  that  these  strong  lineaments  are  merely  ex- 
pressions of  bedding  along  strike. 

Point  A:  The  Petaluma  Formation  is  increasingly  tuffaceous 
toward  the  west  where  it  is  interbedded  with  the  Sonoma  Vol- 
canics about  4200  feet  west  of  the  east  end  of  the  trench  (Fig- 
ure 2,  Point  A).  Clay  gouge  like  that  exposed  in  an  excavated 
cut  slope  for  the  County  Landfill  (Figure  2)  was  not  found 
along  strike  to  the  northwest  in  road  cuts  or  in  the  trench.  The 
trench  shows  the  contact  between  the  Sonoma  Volcanics  and 
the  Petaluma  Formation  to  be  an  erosional  unconformity  (Van 
Houten  Consultants,  Inc.,  1986).  However,  slippage  along 

bedding  planes  due  to  faulting  could  not  be 

discounted  entirely. 

Point  B:  About  5350  feet  west  of  the  east 
end  of  the  trench,  the  first  evidence  of  active 
faulting  is  apparent  (Figure  2,  Point  B).  The 
faulting  is  within  the  Sonoma  Volcanics  which 
are  highly  fractured.  This  zone  approximately 
corresponds  with  a  large  sag  pond,  or  closed 
depression,  approximately  100  feet  to  the 
north  of  the  trench.  Offset  of  the  surface  soil 
horizon  is  apparent  at  several  locations  within 
this  zone  but  the  amount  of  displacement  is  not 
measurable  due  to  the  nature  of  the  soil,  Kid 
Stony  Loam  (Miller,  1972).  Wedges  of  clay 
extending  into  the  Sonoma  Volcanics  may 
indicate  shears  with  the  most  significant  dis- 
placement within  this  zone. 


Photo  1   Highly  fractured  shear  zone  in  linear  ridge  of  Sonoma  Volcanics.  The  soil  had 
6  inches  of  vertical  displacement.  Note  7-foot  stadia  rod  for  scale. 
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Figure  3.  Schematic  of  trench  detail  where  pipeline  crosses  fault  traces. 


Approximately  20  feet  further  to  the  west,  the 
trench  was  excavated  through  a  linear  ridge 
exposing  highly  fractured  and  crushed  Sonoma 
Volcanics.  The  soil  had  vertical  displacement 
that  might  have  been  produced  in  the  last  major 
earthquake  (Photo  1).  Little  evidence  of  hori- 
zontal movement  was  observed,  with  the  excep- 
tion of  a  few  slickensides  indicating  probable 
right-lateral  displacement.  The  amount  of  lateral 
displacement  was  not  discernible. 

Point  F:  About  50  feet  further  to  the  west, 
Sonoma  Volcanics  tuff  was  in  fault  contact  with 
volcanic  agglomerate  (Photo  2).  Another  75  feet 
westward  there  is  an  abrupt  linear  change  in 
topography  as  the  fault  scarp  descends  to  a  rela- 
tively flat  alluvial  terrace.  There  is  a  right-lateral 
offset  in  the  previously  mentioned  stream  chan- 
nel which  is  along  strike  about  500  feet  to  the 
southeast  of  the  trench. 


Point  C:  Additional  disturbances  within  the  Sonoma  Volca- 
nics were  found  about  1150  feet  to  the  west  (Figure  2,  Point 
E).  Faulting  at  this  location  roughly  corresponds  with  a  side- 
hill  bench.  Fault  evidence  includes  numerous  highly  sheared 
fractures  within  Sonoma  Volcanics  tuff;  tuff  in  fault  contact 
with  lahar  deposits;  and  surface  soil  displaced  vertically  1-2 
inches. 

The  lahar  deposits  are  the  first  to  be  discovered  within  the 
Sonoma  Volcanics,  although  their  presence  in  volcanic  terrain 
is  not  unique. 

Point  D:  About  200  feet  further  to  the  west  is  a  highly 
sheared  zone  of  Sonoma  Volcanics  tuff  overlain  by  a  clayey 
soil  with  6  inches  of  vertical  displacement.  The  most  traceable 
offsets  are  in  the  horizontal  direction,  consistent  with  a  north- 
west-trending ridge  which  is  being  squeezed  between  two 
fault  traces. 

Slickensides  in  the  clay  indicate  both  vertical  and  possible 
right-lateral  movement.  Faulting  is  also  evident  approximately 
20  feet  to  the  west  in  Sonoma  Volcanics  tuff  with  probable 
surface  soil  in-filling. 

Point  E:  In  this  trench,  the  most  discernible  trace  of  the 
Rodgers  Creek  fault  was  200  feet  east  of  the  western  most 
fault  trace  mapped  by  CDMG  (1983).  Here,  young  alluvium 
in  a  linear  trough  is  in  fault  contact  with  Sonoma  Volcanics. 
With  the  exception  of  a  near  surface  gravel  lense,  the  alluvium 
is  otherwise  a  heterogenous  and  structureless  clay  in-filling 
that  extends  beyond  the  bottom  of  the  trench  at  8  feet. 


The  remainder  of  the  trench  exposed  deep  alluvial  silts  and 
clays  without  mappable  structure.  There  was  some  volcanic 
breccia  at  the  western  end  of  the  trench. 

PIPELINE  CROSSING 

Trench  Construction  -  Where  the  pipeline  crosses  zones 
identified  as  active  parts  of  the  Rodgers  Creek  fault,  special 
methods  were  taken  by  PG&E  to  reduce  the  risk  of  pipe  rup- 
ture during  fault  movement.  The  trench  was  widened  with 
excavated  slopes  of  approximately  30  degrees  (Figure  3).  The 
trench  was  then  backfilled  with  sand,  geotextile  fabric,  and 
native  clay  soil. 

The  loose  sand  backfill  will  provide  minimal  resistance  to 
fault  movement  flexure  of  the  ductile  steel  pipeline  (O'Rourke 
and  others,  1982).  Subsurface  drainage  to  release  possible 
seepage  accumulation  in  the  sand  backfill  was  provided. 
These  engineering  methods  were  used  approximately  100  feet 
on  either  side  of  identified  active  fault  traces  at  points  B 
through  F. 

Monitoring  -  Eleven  locations  were  staked  for  monitoring 
points  where  the  pipeline  crosses  active  fault  traces.  The  pur- 
pose of  these  monuments  is  to  provide  baseline  data  at  points 
that  can  be  reoccupied  to  measure  future  fault  displacements 
and  to  evaluate  stresses  on  the  pipeline.  Horizontal  and  verti- 
cal survey  measurements  following  earthquakes  and  suspected 
fault  movement(s)  can  be  used  to  evaluate  the  need  for  replac- 
ing or  repositioning  the  pipeline  within  the  sand-filled  cross- 
ings. 
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CONCLUSIONS 

The  trench  mapping  indicates  that  the  Rodgers  Creek  fault  in 
the  study  area  has  experienced  Holocene  movement.  Evidence 
from  the  investigation  places  the  major  movement  of  the 
Rodgers  Creek  fault  on  the  west  side  of  the  Sonoma  Moun- 
tains. Previously  mapped  faulting  on  the  east  side  of  the 
Sonoma  Mountains  is  associated  with  structural  expressions  of 
bedding. 

By  detailed  geologic  mapping  of  trench  walls  before  placing 
the  pipeline,  active  fault  traces  were  identified.  This  allowed 
design  methods  to  be  incorporated  for  reducing  the  potential 
effects  of  fault  offsets  on  the  underground  pipeline.  Prior 
knowledge  of  fault  intersections,  along  with  a  survey  monitor- 
ing program,  allows  for  rapid  identification  of  areas  where 
stress  build  up  could  cause  the  pipeline  to  fail. 


Further  investigations  should  be  performed  along  the  Rodg- 
ers Creek  fault  to  determine  the  amount  of  fault  offset  per 
event  and  the  recurrence  interval  for  minor  earthquakes.  Sev- 
eral locations  with  Quaternary  deposits  are  likely  areas  for 
further  study.  Monitoring  should  be  continued  by  PG&E  to 
accurately  measure  displacements  of  single  events  or  accumu- 
lated total  creep  at  the  fault  crossings. 
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Right  Step  from  the  Hayward  Fault  to  the  Rodgers 
Creek  Fault  Beneath  San  Pablo  Bay 

by 
Thomas  L.  Wright1  and  Neal  Smith2 


ABSTRACT 

Results  of  detailed  gravity  mapping  and  exploratory  drilling  illuminate  the  relationships  among  the  Hay- 
ward, Tolay,  and  Rodgers  Creek  faults  beneath  and  north  of  San  Pablo  Bay.  A  1967  proprietary  gravity 
survey  with  568  bay-bottom  stations  and  nearly  2400  onshore  stations  shows  that  the  northern  extent  of 
the  Hayward  fault  is  delineated  by  a  steep  gravity  gradient  of  more  than  30  milligals  relief.  The  gradient 
extends  north  into  the  Tolay  fault  after  being  deflected  around  the  southeast  plunge  of  the  Sears  Point 
anticline.  This  gradient  reflects  the  density  contrast  between  shallow  Franciscan  basement  west  of  the 
Hayward  and  Tolay  faults  and  a  deep  section  of  late  Neogene  and  Holocene  sedimentary  and  volcanic 
rocks  to  the  east.  Gravity  profiling  suggests  that  the  total  post-Franciscan  sedimentary/volcanic  fill  be- 
neath San  Pablo  Bay  is  8  km  thick. 

Exploratory  wells  drilled  on  the  north  shore  of  San  Pablo  Bay  near  Sears  Point  constrain  the  locations  of 
the  Tolay  and  Rodgers  Creek  faults  southeast  of  their  mapped  surface  traces.  The  faults  are  separated  by 
a  block  down-dropped  at  least  1 1 00  m  (at  the  top  of  the  Sonoma  Volcanics)  which  is  the  northern  continu- 
ation of  the  San  Pablo  trough.  High-resolution  marine  profiling  across  southern  San  Pablo  Bay  found  no 
evidence  of  active  shallow  deformation  offshore  from  the  Hayward  fault,  although  clear  displacement  was 
found  in  shallow  sediments  offshore  from  the  Pinole  fault.  Relocations  of  1969-1989  seismic  events  show 
a  series  along  the  Hayward-Tolay  alignment  extending  at  least  8  km  north  of  San  Pablo  Bay,  at  depths  of 
3-1 1  km.  A  sparse  alignment  of  events  at  depths  of  5-1 3  km  is  associated  with  the  Pinole  fault.  The  Hay- 
ward-Tolay and  Rodgers  Creek  faults  appear  as  two  separate  active  features  which  are  6  km  apart  be- 
neath the  middle  of  San  Pablo  Bay  and  only  2  km  apart  at  the  north  edge  of  the  bay.  Active  right-slip  on 
the  Hayward  fault  decreases  to  the  northwest,  with  the  Tolay  fault  showing  no  displacement  during  the 
Holocene.  The  Rodgers  Creek  fault  may  terminate  in  a  complex  of  tensional  fault  blocks  associated  with 
the  Pinole  fault  in  the  southeast  part  of  San  Pablo  Bay.  These  structures  probably  result  from  the  transfer 
of  motion  between  the  Hayward  and  Rodgers  Creek  faults.  This  transtensional  right  step  segments  the 
fault  zone  and  probably  limits  the  maximum  size  of  earthquakes  along  the  Hayward-Rodgers  Creek  sys- 
tem. 


INTRODUCTION 

Within  the  San  Andreas  transform  system  in  the  San  Fran- 
cisco region  (Figure  1),  the  possible  northward  extension  of 
the  Hayward  fault  beneath  and  beyond  San  Pablo  Bay  has 
long  been  of  interest.  The  Hayward  fault  was  once  mapped 
(Koenig,  1963)  or  suggested  (Weaver,  1949)  as  connecting 
with  the  Tolay  fault  at  Sears  Point,  which  involved  an  abrupt 
40°  westerly  change  in  strike  at  that  locality.  By  1969  the 
Rodgers  Creek  fault  zone  (RCFZ)  was  recognized  as  active 
(Budding  and  others,  1991)  and  related  to  the  Hayward  fault. 


The  relationship  was  initially  described  as  "a  right  step  that 
would  result  in  a  pull-apart  underneath  San  Pablo  Bay"  (Ay- 
din,  1982).  That  hypothesis  is  supported  by  gravity  surveys 
(Clement,  1965;  Childs  and  others,  1983;  Chapman  and  Bish- 
op, 1988;  Smith,  1992)  that  show  a  strong  gravity  minimum 
beneath  San  Pablo  Bay  (Figure  2),  interpreted  as  reflecting  a 
deep  sedimentary  basin.  The  Hayward  fault  also  has  been 
interpreted  as  directly  connected  to  the  RCFZ.  suggesting  that 
the  San  Pablo  trough  was  caused  by  a  releasing  bend  rather 
than  a  right  step  (Lienkaemper  and  others.  1991). 


1Chevron  (retired),  136  Jordan  Avenue,  San  Anselmo,  CA  94960 
2Chevron  (retired),  12775  Bodega  Highway,  Freestone,  CA  95472 
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Figure  1    Regional  geologic  map  of  the  northern  San  Francisco  Bay  area.  Patterns  show  areas  of  outcrop  (and  subcrop,  dashed)  of  pre- 
Neogene  rocks  Dashed  rectangle  shows  area  of  Figure  2.  Abbreviations  are:  BH=Berkeley  Hills,  BMF=Burdell  Mountain  fault,  BVF=Bennett    I 
Valley  fault,  C=Calistoga,  Cf=Carneros  fault,  Cdf=  Cordelia  fault,  Co=Cotati,  Ff=Franklin  fault,  Hf=Healdsburg  fault,  LB=Lake  Berryessa,  M= 
Martinez,  Mf=Maacama  fault,  N=Napa,  0=Oakland,  Or=Orinda,  P=Petaluma,  Pf=Pinole  fault,  PP=Point  Pinole,  R=  Richmond,  Sb=Sebastopol, 
SBf=San  Bruno  fault,  SC-SGf=Seal  Cove-San  Gregorio  fault,  Sf=Southampton  fault,  SF=San  Francisco,  So=Sonoma,  SP=Sears  Point, 
SRa=San  Rafael,  SRo=Santa  Rosa,  Tf=Tolay  fault,  WNfz=West  Napa  fault  zone. 
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Geophysical  surveys  and  exploratory  drilling  for  oil  and  gas 
were  conducted  during  the  1960's  in  the  San  Pablo  Bay  re- 
gion. The  discovery  of  oil  at  Point  Pinole  in  1969  by  the 
Chevron  Bethlehem  #1  well  resulted  in  a  careful  study  of  the 
gravity  data  (Smith,  1969)  and  ensured  that  this  and  other  data 
were  kept  confidential  even  after  the  field  (which  produced 
only  11,282  barrels  of  oil)  was  abandoned  in  1975.  Changed 
economic  and  environmental  realities  appear  to  have  fore- 
closed the  potential  for  future  petroleum  exploration  in  this 
area  and  Chevron  has  made  those  data  available  for  research 
on  tectonics  and  earthquake  hazards  in  the  San  Francisco  Bay 
region. 

A  previously  published  underwater  gravity  survey  in  the 
area  (Childs  and  others,  1983)  included  84  stations  within  San 
Pablo  Bay.  Those  data  and  adjacent  onshore  control  (Chap- 
man and  Bishop,  1988)  show  the  gross  basement  structure  but 
are  too  sparse  to  differentiate  individual  structural  features. 
The  detailed  gravity  survey  released  by  Chevron  and  data 
from  exploratory  wells  near  San  Pablo  Bay  provide  a  power- 
ful adjunct  to  recent  efforts  to  understand  the  relationships 
between  active  faults  north  and  south  of  San  Pablo  Bay. 

GRAVITY  AND  WELL  CONTROL 

The  1967  San  Pablo  Bay  PhotoGravity  Company,  Inc.  sur- 
vey consists  of  568  bottom-meter  stations  and  bases  at  1/4- 
mile  intervals  along  NE-SW  lines  spaced  1/2-mile  apart.  A 
Model  H  underwater  gravity  meter  was  used,  positioned  from 
fixed  onshore  triangulation  stations.  The  survey  also  included 
nearly  2400  onshore  stations.  Mudflat  and  shallow-water  read- 
ings were  obtained  by  conventional  meters  in  small  motor- 
boats  and  helicopters.  All  data  were  tied  and  reduced  to  a  sea- 
level  datum.  This  detailed  coverage  was  tied  to  earlier  detailed 
surveys  south  of  San  Pablo  Bay  and  to  the  north  extended 
beyond  the  cities  of  Sonoma  and  Napa  (Figure  2).  Farther  to 


the  north  and  northwest,  published  State  of  California  gravity 
control  was  used  but  has  not  been  converted  to  the  PhotoGrav- 
ity base  value.  To  eliminate  negatives,  a  +1000  milligal  figure 
has  been  algebraically  applied  to  all  corrected  values.  Smith 
(1992)  provides  a  detailed  discussion  of  this  survey. 

Basic  data  on  exploratory  and  development  wells  in  this 
region  are  in  open  file  at  the  office  of  the  California  Division 
of  Oil  and  Gas  in  Sacramento.  These  open  files  usually  state 
the  age  or  formation  of  the  rock  at  total  depth  and  sometimes 
include  formation  "tops".  The  operator's  files  commonly  con- 
tain paleontological  reports,  dipmeter  logs,  lithological  de- 
scriptions of  cores  and  cuttings,  and  other  information  but 
often  are  difficult  to  locate  even  though  the  company  may  be 
willing  to  release  the  data.  Many  independent  wildcatters  have 
vanished  and  left  no  trace  of  their  well  files.  In  such  instances, 
data  from  Division  of  Oil  and  Gas  files  were  supplemented 
with  information  from  Chevron.  Table  1  lists  the  wells  used  in 
this  study. 

ROCK  COLUMN  DENSITY 

Most  quantitative  depth,  throw,  or  thickness  information 
obtained  from  gravity  surveys  is  only  as  good  as  known  densi- 
ty values  and  significant  contrasts  within  the  local  rock  col- 
umn. Thus,  compilation  of  these  data  from  surface  samples, 
well  cores,  and  formation  density  logs  must  precede  any  geo- 
logic interpretation.  In  the  San  Pablo  Bay  area,  average  rock 
densities  (g/cc,  ±0.05)  for  the  primary  stratigraphic  intervals 
are:  Pliocene  sedimentary  rocks,  2.20;  volcanic  rocks,  2.40; 
pre-volcanic  Miocene,  2.35;  Eocene-Paleocene,  2.45;  Upper 
Cretaceous,  2.50;  Lower  Cretaceous,  2.55;  Franciscan  Com- 
plex, 2.65  (Smith,  1992).  The  Neogene  volcanic  series  con- 
tains a  high  percentage  of  pyroclastics  and  interbedded  sedi- 
ments, producing  an  average  density  not  too  different  from 
other  Cenozoic  beds. 


Table  1.  Exploratory  wells  used  in  this  study. 


WELL  NAME 

NUMBER 

LOCATION 

TOTAL  DEPTH 

1.  Pennant  Operating  Co.  Alma-Noble 

No.  1 

Sec.  8,  T3N,  R5W 

3101  ft. 

2.  Elk  Exploration  Inc.  Elk  Tubbs 

No.  1 

Sec.  33,  T4N,  R5W 

8105  ft. 

3.  Texaco  (ex-Tidewater)  Noble 

No.  1 

Sec.  29,  T4N,  R5W 

7167  ft. 

4.  General  Crude  Oil  Co.  Filippini 

No.  1 

Sec.  1.T4N,  R5W 

7263  ft. 

5.  General  Crude  Oil  Co.  Cullinan 

No.  1 

Sec.  5,  T3N,  R4W 

7223  ft. 

6.  Chevron  Bethlehem 

No.  1 

Sec.  19.T2N,  R4W 

9997  ft. 

7.  American  Petrofina  Leslie  Salt 

No.  1 

Sec.  31.T4N,  R4W 

7200  ft. 

8.  American  Petrofina  Leslie  Salt 

No.  2 

Sec.  36,  T4N,  R5W 

7359  ft. 

9.  Shell  Murphy 

No.  1 

Sec.  19,  T5N,  R6W 

6386  ft 
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Figure  2.  Map  of  San  Pablo  Bay  area  showing  Bouguer  gravity  (at  5-milligal  contour  interval;  values  converted 
by  adding  1000  milligals)  (after  Smith,  1992).  Patterned  areas  show  pre-Neogene  outcrop:  hachured  = 
Franciscan  Complex  and  Coast  Range  Ophiolite,  dotted  =Paleogene,  Cretaceous,  and  Great  Valley  Sequence 
(Wagner  and  Bortugno,  1982;  Wagner  and  others,  1990).  AA',  BB',  and  CC  are  locations  of  cross  sections  in 
Figure  3.  Numbered  wells  (-^are  identified  in  Table  1.  Heavy  patterned  line  is  the  northern  limit  of  Chevron/ 
PhotoGravity  data.  Dashed  lines  in  southern  San  Pablo  Bay  are  ship  tracks  of  BASIX  survey;  fault  imaged  by 
high-resolution  profiling  is  shown  with  ball-and-bar  symbols  on  down-thrown  side.  Abbreviations  as  in  Figure  1. 
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The  formation  density  log  for  the  Chevron  Bethlehem  #1 
well  on  the  south  shore  of  San  Pablo  Bay  shows  densities 
averaging  2.1-2.2  g/cc  above  a  depth  of  4200  ft  (1280  m)  in 
sedimentary  rocks  of  Pliocene  and  Miocene  age  (Smith, 
1992).  Average  densities  in  underlying  volcanic  rocks  increase 
with  depth  from  2.33  to  2.58  g/cc.  The  volcanic  sequence 
yielded  whole-rock  K/Ar  dates  of  12.1  ±1.0  Ma  from  coarse- 
grained basalt  (diabase)  in  a  core  at  4637-4640  ft  and  12±2 
Ma  from  basalt  cuttings  in  the  interval  9800-9860  ft  (Geo- 
chron  Laboratories,  written  communication,  1969).  M.  Polu- 
gar  (proprietary  Chevron  report,  1969)  reported  "foraminifera 
suggestive  of  upper  Miocene  Rodeo  Formation"  from  a  core 
at  9978-9997  ft.  The  Rodeo  Formation  is  currently  placed  in 
the  middle  Miocene  with  an  approximate  age  of  13-14  Ma 
(Bishop  and  Davis,  1984). 

A  study  of  the  more  than  6000  ft  (1800  m)  of  so-called 
"Sonoma  Volcanics"  from  the  Tidewater  (now  Texaco)  Noble 
#1  well  (Craig  Lyon,  in  Smith,  1969)  showed  54%  agglomer- 
ate, 24%  basalt  flows,  and  22%  siltstone.  Agglomerate  con- 
stituents are  70%  volcanic,  20%  Franciscan  Complex,  and 
10%  matrix.  On  this  basis  the  density  for  the  entire  volcanic 
series  was  calculated  at  2.46  g/cc.  This  figure  is  consistent 
with  that  for  the  volcanic  interval  in  the  Chevron  Bethlehem 
#1  well.  Density  contrasts  of  0.20  g/cc  or  more  are  most  desir- 
able for  mapping  geologic  trends  and  permitting  mathematical 
analysis.  Such  contrasts  are  common  between  Franciscan 
basement  and  younger  Tertiary  section. 

STRUCTURAL  INTERPRETATION 

San  Pablo  Bay  overlies  the  deepest  portion  of  a  linear  Ceno- 
zoic  basin  extending  from  the  Berkeley  Hills  to  at  least  as  far 
north  as  Santa  Rosa  and  herein  referred  as  the  San  Pablo 
trough.  This  feature  is  reflected  on  the  gravity  map  (Figure  2) 
by  a  deep  gravity  minimum  bounded  on  the  west  by  a  narrow 
gradient  of  up  to  38  milligals  relief  that  extends  along  the 
Hay  ward  and  Tolay  faults  (Clement,  1965).  That  gravity  gra- 
dient marks  the  margin  of  an  uplifted  block  of  Franciscan 
basement  (Figure  1)  called  the  San  Francisco  Bay  block  by 
Graham  and  others  (1984)  and,  to  the  north,  the  Sebastopol 
block  by  Fox  (1983).  The  eastern  margin  of  the  gravity  low  is 
a  broad  north-trending  gradient  of  up  to  28  milligals  relief  that 
extends  from  the  Franklin  fault  on  the  south  to  the  Carneros 
and  West  Napa  faults  on  the  north. 

By  applying  the  known  density  contrasts,  we  used  the  gravi- 
ty data  have  been  used  to  estimate  the  depth  to  top  of  Fran- 
ciscan basement  on  three  structural  cross  sections  across  the 
San  Pablo  trough  (Figure  3).  Those  estimates  place  the  top  of 
basement  at  13,000  ft  (4000  m)  beneath  the  city  of  Sonoma 
and  25,000  ft  (7600  m)  beneath  the  San  Pablo  trough.  The 
cross  sections  show  the  geology  as  interpreted  from  outcrop, 
well,  and  seismic  data.  Within  the  San  Pablo  trough  the  volca- 
nic sequence  is  nearly  5800  ft  thick  in  the  Chevron  Bethlehem 
No.  1  well,  more  than  5870  ft  thick  in  the  Texaco  Noble  No. 


1,  and  more  than  3740  ft  thick  in  the  Shell  Murphy  No.  1  in 
the  Petaluma  oil  field  (Figure  2,  well  #9).  Deep  stratigraphic 
units  have  been  projected  on  the  basis  of  thicknesses  and  dis- 
tribution in  adjacent  areas,  and  by  the  use  of  gravity  equigradi- 
ents  (Smith,  1992). 

In  its  type  area  north  of  San  Pablo  Bay,  the  Tolay  fault 
bounds  the  eastern  flank  of  the  Franciscan-cored  Sears  Point 
anticline.  To  the  north,  in  the  city  of  Petaluma,  a  localized 
gravity  survey  and  refraction  seismic  profile  (Korbay,  1992) 
indicate  that  the  gravity  gradient  associated  with  the  Tolay 
fault  has  stepped  westward  (Figure  2)  and  is  co-linear  with  the 
Hayward  fault.  That  alignment  has  been  projected  northwest 
through  a  limited  surface  exposure  near  Cotati  identified  as  the 
Tolay  fault  (Travis,  1952)  to  the  vicinity  of  Sebastopol  (Figure 
1).  A  gravity  gradient  of  1 1  milligals  across  the  postulated 
Tolay  fault  4  km  (2.5  mi)  southwest  of  Sebastopol  suggests 
that  the  Franciscan  basement  may  be  offset  about  600  m  (1900 
ft)  there  (Smith,  1992).  The  gravity  gradient  at  Petaluma 
shows  approximately  15-17  milligals  relief  (Korbay,  1992). 
On  the  east  flank  of  the  Sears  Point  anticline  the  gravity  gradi- 
ent is  broader  than  at  Petaluma  and  has  a  relief  of  about  25 
milligals.  These  data  are  believed  to  reflect  a  progressive 
deepening  of  the  Petaluma-San  Pablo  trough  southeastward 
from  the  Santa  Rosa-Sebastopol  area  to  San  Pablo  Bay. 

The  active  Hayward  fault  and  the  Tolay  fault  appear  to  form 
a  continuous  late  Neogene  boundary  between  shallow  Fran- 
ciscan basement  on  the  west  and  a  deep  trough  filled  with 
Cenozoic  and  late  Mesozoic  rocks  on  the  east.  However,  de- 
tailed surface  mapping  of  the  Tolay  fault  (Hart,  1982)  indicat- 
ed that  it  is  a  zone  of  indistinct  traces  that  offset  units  no 
younger  than  early  Pleistocene.  Surface  anomalies  are  due  to 
differential  erosion  and  landsliding.  Without  evidence  for 
Holocene  displacement  or  potential  activity,  the  fault  was 
judged  to  be  exempt  from  Alquist-Priolo  Act  requirements. 
The  Holocene  activity  characteristic  of  the  Hayward  fault  does 
not  follow  the  basement  boundary  north  of  San  Pablo  Bay. 
Instead,  it  occurs  2-16  km  to  the  east  on  the  Rodgers  Creek 
fault  zone. 

The  Rodgers  Creek  fault  zone  (RCFZ)  has  no  obvious  ex- 
pression on  the  gravity  maps  (Figures  2  and  4).  This  is  be- 
cause the  near-surface  stratigraphic  sequence  is  similar  on 
both  sides  of  the  fault  zone  (Figure  3)  and  little  density  con- 
trast can  be  expected.  Well  and  reflection  seismic  data  never- 
theless provide  good  evidence  for  tracing  the  RCFZ  for  13  km 
southeast  of  its  outcrop  area.  Well  and  outcrop  data  in  the 
vicinity  of  Sears  Point  were  used  to  prepare  cross  sections 
(Figure  5)  that  document  the  displacement  on  the  Tolay  and 
Rodgers  Creek  faults  and  the  horizontal  separation  between 
them.  Section  aa',  down  the  southeast  plunge  of  the  Sears 
Point  anticline,  shows  beds  of  the  upper  Petaluma  Formation, 
including  a  tuff  dated  at  5.77±0.12  Ma  (Fox  and  others,  1985), 
overlapping  the  Sonoma  Volcanics  to  rest  directly  on  Fran- 
ciscan rocks.  Section  bb',  down  the  southeast  plunge  of  Sono- 


412 


DIVISION  OF  MINES  AND  GEOLOGY 


SP  113 


ma  Mountain,  shows  the  relationship  between  outcropping 
late  Miocene  volcanic  rocks  dated  at  6.95  ±0.20  to  8.17  ±0.08 
Ma  (Youngman,  1989)  and  the  volcanic  interval  drilled  by  the 
Texaco  Noble  No.  1  well.  A  sample  of  basalt  from  a  depth  of 
1315  ft  in  that  well  yielded  a  K/Ar  date  of  9.2  ±0.9  Ma.  Sec- 
tion cc'  documents  the  eastward  thinning  of  the  volcanic  se- 
quence beneath  the  north  shore  of  San  Pablo  Bay.  Sections  aa' 
and  bb'  indicate  plunges  of  13°  on  the  Sears  Point  anticline  and 
of  10°  on  Sonoma  Mountain. 

The  plunge  relationships  described  above  have  been  used  to 
project  geologic  data  from  sections  aa'  and  bb'  into  section  cc', 
which  crosses  them  in  a  nearly  orthogonal  fashion.  Section  cc' 
thus  provides  a  reasonably  accurate  estimate  of  the  depth  of 
the  graben  between  the  two  faults,  as  measured  on  the  top  of 
the  volcanic  sequence.  Vertical  separation  across  the  Tolay 
fault  is  1070  m  (3500  ft)  and  across  the  Rodgers  Creek  fault  is 
1040  m  (3400  ft).  At  this  locality  the  two  faults  are  approxi- 
mately 2350  m  (7700  ft)  apart  at  sea  level.  The  well  docu- 
mented fault  geometry  in  the  Sears  Point  area,  in  combination 
with  the  evidence  from  gravity,  precludes  any  direct  connec- 
tion between  the  Hayward  and  Rodgers  Creek  faults  in  the  late 
Neogene  section. 

Miocene  strata  east  of  the  RCFZ  are  gently  deformed, 
whereas  west  of  that  fault  they  are  deeply  down-faulted  and 
folded  (cc',  Figure  5,  and  AA'  and  BB',  Figure  3).  Section  BB' 
contains  dip  data  from  Chevron  reflection  seismic  line  3D-22 
showing  a  similar  break  in  dip  that  has  been  interpreted  to 
represent  the  Rodgers  Creek  fault.  A  parallel  seismic  line  5 
km  (3  mi)  to  the  southeast  (indexed  on  Figure  4  but  not  in- 
cluded in  this  paper)  also  shows  that  pattern.  The  two  seismic 
lines  and  the  well  data  of  Figure  5  are  the  basis  for  projecting 
the  Rodgers  Creek  fault,  on  a  strike  of  S37°E,  from  its  mapped 
trace  on  Sonoma  Mountain  to  the  middle  of  San  Pablo  Bay 
(Figures  2  and  4).  Beneath  the  bay  the  Rodgers  Creek  fault  is 
parallel  to  the  projected  extension  of  the  Hayward  fault  and  6 
km  east  of  it. 

Section  CC  (Figure  3),  compiled  from  published  (Wagner 
and  Bortugno,  1982;  Wagner  and  others,  1990)  and  propri- 
etary surface  geologic  mapping  and  data  from  the  Chevron 
Bethlehem  No.  1  well,  illustrates  comparable  structure  on  the 
south  shore  of  San  Pablo  Bay.  Between  the  Hayward  fault  and 
an  unnamed  fault  west  of  the  Pinole  fault,  Neogene  sedimen- 
tary and  volcanic  rocks  are  downfolded  and  strongly  de- 
formed. East  of  that  unnamed  fault,  outcropping  Cenozoic 
strata  are  only  moderately  folded.  High-resolution  marine 
profiling  across  southern  San  Pablo  Bay,  surveyed  as  part  of 
the  BASIX  project  (Anima  and  others,  1992),  found  clear 
evidence  for  faulting  of  shallow  sediments  in  the  area  offshore 
from  the  Pinole  fault  (Figures  2  and  4).  No  single  expression 
of  faulting  was  imaged  across  the  projected  trace  of  the  Hay- 
ward fault.  Relocations  of  1969-1989  seismic  events  (Lien- 
kaemper  and  others,  1991)  show  a  series  along  the  Hayward- 
Tolay  alignment  extending  at  least  8  km  (5  mi)  north  of  San 
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Figure  4  Detailed  Bouguer  gravity  map,  San  Pablo  Bay  area  (After  Smith,  1992,  Plate  I).  Contour  interval:  1  milligal.  aa',  bb',  and  cc'  are 
locations  of  cross  sections  in  Figure  5.  Abbreviations  as  in  Figure  1.  Gravity  stations  are  shown  with  solid  triangles  (Chevron/PhotoGravity 
bottom-meter  stations),  dots  (Chevron/PhotoGravity  land  stations),  and  open  circles  (CDMG).  Dashed  lines  between  open  triangles  are  Chevro 
marine  CDP  reflection  seismic  lines.  Hachured  line  is  the  northern  limit  of  Chevron/PhotoGravity  data.  Fault  imaged  by  BASIX  high-resolution 
profiling  is  shown  with  ball-and-bar  symbols  on  the  down-thrown  side.  Wells  are  identified  in  Figure  2  and  Table  1. 
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Pablo  Bay,  at  depths  of  3-1 1  km  (2-7  mi).  A  sparse  alignment 
of  events  at  depths  of  5- 1 3  km  (3-8  mi)  coincides  with  the 
Pinole  fault  and  may  extend  southeast  to  Orinda  (Figure  1). 

The  Hayward-Tolay  and  Rodgers  Creek  faults  are  two  sepa- 
rate features  that  converge  beneath  the  northern  part  of  San 
Pablo  Bay,  becoming  only  1 .7  km  apart  east  of  Sears  Point 
(Figure  4).  Active  right-slip  on  the  Hayward  fault  apparently 
decreases  to  the  northwest  beneath  San  Pablo  Bay.  Strata  of 
very  late  Miocene  age  immediately  east  of  the  fault  at  Point 
Pinole  (Figure  3,  CC)  reflect  significant  compressive  shorten- 
ing (Borchardt  and  others,  1988).  To  the  east,  a  fault  mapped 
by  BASIX  (Figures  2  and  4)  strikes  north-northwest  and  dips 
to  the  east  and  was  interpreted  as  part  of  "a  large  pull-apart 
complex  associated  with  distributed  strike-slip  faulting"  (Ani- 
ma  and  others,  1992).  Active  right-slip  on  the  Rodgers  Creek 
fault  thus  may  decrease  southward  into  transtensional  faulting 
in  the  area  of  the  Pinole  fault. 

Immediately  north  of  San  Pablo  Bay,  the  eastward  salient  of 
near-surface  Franciscan  rocks  (Figure  2)  may  have  "jammed" 
right-slip  on  the  Hayward  fault  and  localized  the  right  step  to 
the  Rodgers  Creek  fault.  In  this  area,  strong  fault-normal  com- 
pressive deformation  has  produced  the  basement-cored  Sears 
Point  anticline,  a  doubly-plunging  post-Miocene  structure 
approximately  2.5  km  wide  and  18  km  in  length.  Along  its 
east  flank  the  Tolay  fault  has  commonly  been  interpreted  as  a 
thrust  fault  (Figure  5,  cc').  To  the  east  on  the  southern  Rodgers 
Creek  fault,  Youngman  (1989)  has  mapped  palm  tree  (or 
flower)  structure  symptomatic  of  transpressive  deformation; 
this  type  of  structure  has  not  been  recognized  farther  north 
along  the  RCFZ.  In  the  structural  trough  between  the  Rodgers 
Creek  fault  and  the  Sears  Point  anticline,  beds  of  the  Petaluma 
Formation  are  strongly  folded.  To  the  west,  the  Burdell  Moun- 
tain fault  (Figure  2)  and  the  inlier  of  Great  Valley  beds  in  its 
footwall  may  also  reflect  localized  fault-normal  shortening. 

The  abrupt  eastward  deflection  of  the  gravity  gradient  from 
the  projected  Hayward  fault  to  the  Tolay  fault  (Figure  4)  may 
represent  either  a  relatively  shallow  east-vergent  thrust  of 
Franciscan  rocks  or  a  deep-seated  asperity  along  the  Hayward- 
Tolay  zone  that  could  have  forced  the  right  step  to  the  Rodg- 
ers Creek  fault.  Modeling  studies  of  the  detailed  gravity  data 
in  this  area,  perhaps  complemented  by  additional  detailed 
gravity  surveys  north  and  west  of  the  Sears  Point  anticline, 
might  clarify  these  significant  structural  relationships. 

TECTONIC  EVOLUTION 

In  the  area  between  the  San  Andreas  fault  and  the  Hayward 
and  Tolay  faults,  a  block  nearly  150  km  in  length,  the  Fran- 
ciscan basement  is  found  either  at  the  surface  or  thinly  cov- 
ered by  late  Cenozoic  sedimentary  rocks  (Figure  1).  West  of 
the  Hayward  fault,  uplift  of  the  San  Francisco  Bay  block  be- 
gan about  13  Ma,  when  "a  fluvial  clastic  wedge  was  shed 
eastward  from  this  uplifted  terrane  of  Mesozoic  subduction 
complex  and  forearc  basin  rocks"  (Graham  and  others,  1984). 
West  of  the  Tolay  fault,  Franciscan  rocks  of  the  Sebastopol 
block  (Fox,  1983)  are  overlain  by  strata  of  the  Petaluma  and 


Wilson  Grove  formations.  Tuffs  interbedded  near  the  base  of 
these  units  have  been  dated  at  about  6  Ma  (Fox  and  others, 
1985).  Various  volcanic  units  along  this  block  boundary  are 
dated  at  about  13  to  6  Ma  and  record  the  evolution  of  this 
major  zone  of  crustal  weakness  in  the  Hayward-Tolay  fault 
system. 

Eastward  expansion  of  the  San  Andreas  transform  system 
has  used  the  Hayward-Tolay  block  boundary  as  a  locus  of 
major  right-lateral  faulting.  Total  right-slip  on  the  Hayward 
fault  has  been  estimated  at  7-27  km  (Graham  and  others, 
1984),  43  km  (Fox  and  others,  1985),  and  perhaps  180  km 
(Youngman,  1989).  East  of  the  block  boundary,  depocenters 
in  the  Petaluma,  San  Pablo  Bay,  Berkeley  Hills,  and  Liver- 
more  areas  accumulated  mid-Miocene  to  Pliocene  strata  many 
kilometers  in  thickness.  Compressive  deformation  during  the 
past  3  Ma  has  uplifted  the  Berkeley  Hills  as  an  inverted  basin. 
During  this  most  recent  phase,  the  locus  of  right-slip  north  of 
San  Pablo  Bay  has  shifted  from  the  block  boundary  and 
moved  eastward  to  the  Rodgers  Creek  fault. 

Subsidence  of  San  Pablo  Bay  has  been  ascribed  simply  to 
extensional  stresses  created  by  the  right  step  from  the  Hay- 
ward fault  to  the  Rodgers  Creek  fault.  However,  the  extent  of 
the  gravity  low  (Figure  2)  and  the  distribution  of  upper  and 
middle  Miocene  beds  (Figure  3,  AA')  imply  a  wide  zone  of 
initial  subsidence  extending  from  the  Hayward-Tolay  fault 
northeast  to  the  Carneros  fault.  Thickening  of  Pliocene  and 
Quaternary  beds  in  the  trough  between  the  Hayward-Tolay 
and  Rodgers  Creek  faults  (Figures  3  and  5)  suggests  that  the 
San  Pablo  trough  was  formed  during  the  the  past  5  Ma.  The 
right  step  from  the  Hayward  to  the  Rodgers  Creek  fault  appar- 
ently developed  in  an  area  previously  weakened  during  Mio- 
cene transtension  and  associated  volcanism. 

CONCLUSIONS 

Detailed  gravity  data  beneath  and  north  of  San  Pablo  Bay 
clearly  define  the  Hayward  and  Tolay  faults  as  following  the 
northeastern  edge  of  an  uplifted  block  of  Franciscan  basement. 
At  the  north  edge  of  San  Pablo  Bay  the  detailed  gravity  data 
define  a  right  step  of  nearly  4  km  from  the  Hayward  fault  to 
the  Tolay  fault  which  is  associated  with  the  eastward  salient  of 
Franciscan  rock  exposed  in  the  Sears  Point  anticline.  North  of 
the  Sears  Point  anticline  the  basement  edge  steps  west  and  is 
co-linear  with  the  Hayward  fault,  suggesting  that  the  Hayward 
fault  or  its  precursor  once  extended  at  least  50  km  northwest 
from  San  Pablo  Bay. 

The  stratigraphic  section  beneath  San  Pablo  Bay  includes  at 
least  3  km  of  Miocene  and  younger  sedimentary  and  volcanic 
rocks.  Gravity  profiling  suggests  a  total  post-Franciscan  fill  of 
up  to  8  km.  Exploratory  well  data  show  that  the  Tolay  and 
Rodgers  Creek  faults  are  separate  and  parallel  features  at  the 
north  edge  of  the  bay,  bounding  a  deep  Late  Cenozoic  struc- 
tural trough.  This  precludes  any  direct  connection  between 
those  faults  in  the  upper  part  of  the  seismogenic  zone. 
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A  cluster  of  seismic  events  in  the  vicinity  of  Sears  Point 
suggests  that  deformation  is  still  active  where  Hayward  fault 
displacement  encounters  the  salient  of  Franciscan  basement. 
There  is  no  evidence  to  suggest  that  the  projected  Hayward 
fault  trend  north  of  the  Sears  Point  area  is  potentially  active. 
Epicenters  near  the  Pinole  fault  and  extending  southeast  per- 
haps as  far  as  Orinda  may  represent  the  "root  zone"  of  right 
slip  on  the  Rodgers  Creek  fault. 

The  significant  lateral  contrast  in  rock  densities  across  the 
Hayward-Tolay  fault  zone,  especially  near  San  Pablo  Bay, 
suggests  the  existence  of  velocity  contrasts  that  should  be 
included  in  the  crustal  velocity  models  applied  to  earthquake 
studies  in  this  area. 


Gravity  and  exploratory  well  data  can  make  an  important 
contribution  to  studies  of  Coast  Range  tectonics  and  earth- 
quake hazards.  Detailed  modeling  of  the  Chevron/PhotoGravi- 
ty  data  set  has  the  potential  to  further  refine  our  understanding 
of  faulting  in  the  San  Pablo  Bay  region.  Results  to  date  show 
segmentation  of  the  Hayward-Rodgers  Creek  fault  system 
beneath  San  Pablo  Bay  that  would  appear  to  limit  the  maxi- 
mum magnitude  of  earthquakes  along  this  zone. 
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"Pseudo-mole  Tracks"  from  Clay  Beds  East  of  Healdsburg 

by 
Michael  D.  Malone1,  Glenn  Borchardt2, 
Earl  W.  Hart2,  and  Stephen  R.  Korbay3 


ABSTRACT 

Several  small,  narrow,  subparallel  and  discontinuous  linear  mounds  cross  hill  and  valley  terrain  east  of 
Healdsburg,  California.  The  linear  mounds  are  up  to  14  inches  high,  5  feet  wide,  and  1 ,000  feet  long,  and 
have  a  striking  resemblance  to  mole  tracks  caused  by  fault  displacement.  These  "pseudo-mole  tracks" 
occupy  a  northwest-trending  zone  about  2,000  feet  wide  and  3,500  feet  long  near  the  Alexander-Red- 
wood Hill  fault.  Trenches  up  to  15  feet  deep  exposed  soil  two  to  three  feet  thick  above  intensely  sheared 
and  steeply  inclined  montmorillonite  clay  beds  one  to  six  feet  thick.  The  clay  beds  are  sandwiched  be- 
tween steeply  dipping  tuffaceous  units  of  the  Plio-Pleistocene  Glen  Ellen  Formation.  A  and  B  soil  hori- 
zons associated  with  the  pseudo-mole  tracks  have  plasticity  indexes  (Pi's)  between  21  and  50  and  free 
swells  between  40%  to  70%,  whereas  the  C  horizon  has  Pi's  up  to  72  and  free  swells  up  to  150%. 
Shears  in  one  clay  bed  extend  through  the  B  horizon  to  fissures  that  extend  to  the  ground  surface.  Some 
shearing  in  the  C  horizon  may  be  caused  by  flexural  slip  during  Cenozoic  compressional  folding,  but  the 
shears  and  fissures  reaching  the  ground  surface  probably  are  caused  by  seasonal  expansion  and  con- 
traction. Structural  slabs  and  pavements  located  over  the  clay  beds  are  being  damaged  by  differential 
uplift  that  may  be  misidentified  as  active  fault  displacement. 


INTRODUCTION 

Following  the  5.6  and  5.7  magnitude  Santa  Rosa  earth- 
quakes of  October  1,  1969,  Cloud  and  others  (1970)  observed 
discontinuous  ground  fissuring  about  five  miles  east  of 
Healdsburg  near  Chalk  Hill  Road  (Figure  1).  The  fissuring 
i  occurred  for  about  1000  feet  along  "an  anomalous,  nearly 
,  continuous  mound  about  8  to  10  inches  high  and  five  feet 
wide."  Mr.  Smith,  the  landowner,  first  noticed  the  main  fis- 
suring about  four  years  earlier,  but  was  confident  the  fissure 
,  widened  during  the  October  earthquakes.  Strain  gauges  in- 
stalled across  the  fracture  by  the  U.S.  Geological  Survey  on 
the  night  of  October  7,  suggested  slight  additional  enlarge- 
ment of  the  fracture  during  the  following  days.  The  USGS 
concluded  that  the  nature  of  the  fissure  was  uncertain  and  that 
a  tectonic  or  landslide  origin  was  unlikely  and  considered 
explanations  of  swelling  clay  and  artificial  origin.  The  fissured 
linear  mound  has  since  been  obliterated  by  tilling  for  agricul- 
ture. 

In  September  1982  a  swimming  pool  and  tennis  court  were 
constructed  near  Chalk  Hill  Road  and  Martin  Creek  about 
2-1/2  miles  to  the  south  (Figures  1,  2a,  and  2b).  By  April 


1983,  one  end  of  the  pool  had  risen  three  inches  causing  nu- 
merous vertical  tension  cracks  through  the  pool  shell,  and  the 
adjacent  tennis  court  began  to  develop  cracks  and  an  uneven 
surface. 

In  June  of  1984,  the  pool  was  completely  rebuilt  after  a 
three-foot  wide  zone  of  expansive  clay  was  removed  to  a 
depth  of  16  feet  and  replaced  with  non-expansive  imported 
fill.  A  narrow  zone  of  cracks  extending  across  the  tennis  court 
was  patched  after  overexcavating  to  a  depth  of  three  feet  and 
replacing  with  non-expansive  fill.  By  December  1984  the 
tennis  court  cracks  reappeared  and  an  elongated  hump  about 
one  inch  high  formed  across  the  court  and  projected  toward 
the  pool.  In  1985  the  tennis  court  was  completely  reconstruct- 
ed after  subsurface  materials  were  removed  and  replaced  with 
nonexpansive  imported  fill  up  to  six  feet  thick  and  a  subsur- 
face drainage  system  was  constructed.  By  1987  the  tennis 
court  cracks  reappeared  near  the  same  location  and  the  pool 
had  risen  1/8  inch  at  the  south  end.  The  damaged  court  area 
was  resurfaced  each  year  thereafter  when  cracks  reappeared. 
By  January  1992  the  south  end  of  the  pool  had  risen  about 
1-1/2  inches  since  reconstruction  in  1984. 


1Geodynamic  Consultants,  1070  Lea  Drive,  San  Rafael,  CA  94903. 

California  Department  of  Conservation,  Division  of  Mines  and  Geology,  185  Berry  Street,  Suite  3600,  San  Francisco,  CA  94103. 

3Kleinfelder,   2240  North  Point  Parkway,  Santa  Rosa,  CA  95407. 
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Figure  1 .  Faults  of  the  Santa  Rosa-Healdsburg  area  in  relation  to  pseudo-mole  tracks 
[modified  from  Wagner  and  Bortugno  (1982)  and  Hart  (1990)]. 


GEOLOGIC  SETTING 

The  Martin  Creek  site  is  underlain  by  tuffaceous,  non-ma- 
rine sediments  referred  to  as  the  Glen  Ellen  Formation  of  late 
Pliocene  and  Pleistocene  age  (Fox,  1983;  Wagner  and  Bor- 
tugno, 1982;  Huffman  and  Armstrong,  1980)  The  Glen  Ellen 
Formation  is  described  as  fluvial  deposits  of  gravel,  silt,  sand, 
and  clay  with  interbedded  tuff.  Part  of  this  unit  is  mapped  as 
Sonoma  Tuff  by  Armstrong  and  Wagner  (1978).  The  Glen 
Ellen  Formation  overlies  and  partly  interfingers  with  the  Sono- 
ma Volcanics,  which  in  turn  overlies  rocks  of  the  Late  Meso- 
zoic  Franciscan  Complex  and  Great  Valley  Sequence. 

The  site  is  in  a  complexly  folded  and  faulted  right-stepover 
zone  between  the  right-lateral  Rodgcrs  Creek  and  Maacama 
faults  (Figure  1).  These  faults,  which  are  along  the  northern 
extension  of  the  Hayward  Fault,  are  both  active.  Armstrong 
and  Wagner  (1978),  mapped  geomorphic  features  near  the 
Martin  Creek  site  which  they  considered  indicative  of  late 
Quaternary  right-lateral  displacement  along  a  structure  they 


named  the  Chalk  Hill-Redwood  Hill  fault  zone.  W.A.  Bryant 
(personal  communication)  considers  this  fault  to  be  an  exten- 
sion of  the  Alexander  fault  to  the  northwest  and  has  renamed 
the  entire  structure  the  Alexander-Redwood  Hill  fault. 

GEOLOGICAL  INVESTIGATION 

Because  the  region  is  technically  active,  fault  displacement 
was  suspected  as  the  cause  of  the  pool  and  tennis  court  dam- 
age, and  in  1985  a  geologic  investigation  was  initiated.  Sever- 
al subparallel  linear  mounds  were  identified  near  Martin 
Creek  east  of  Chalk  Hill  Road  by  interpretation  of  aerial  pho- 
tographs from  Sonoma  County  (1980)  and  field  checking 
(Malone,  1987).  The  mounds  extend  discontinuously  across 
hill  and  valley  terrain  in  a  northwest-trending  zone  about 
2,000  feet  wide  and  at  least  3,500  feet  long  (Figures  2a  and 
2b).  We  refer  to  these  linear  mounds  as  "pseudo-mole  tracks" 
because  they  resemble  mole  tracks  formed  during  active 
strike-slip  fault  displacement  (Photo  1). 
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Table  1.  Properties  of  pseudo-mole  tracks. 
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Eleven  trenches  from  four  to  15  feet  deep  were  excavated 
across  the  trend  of  pseudo-mole  tracks  1  and  2.  The  trenches 
exposed  northeast-dipping  tuffaceous  sandstone,  siltstone,  and 
clay  beds  of  the  Glen  Ellen  Formation.  Clay  beds  were  ob- 
served below  and  along  the  trend  of  the  tracks.  The  clay  beds 
range  from  about  one  to  six  feet  thick  and  have  slickensided 
dip-slip  planes  spaced  about  one  inch  apart  or  less. 

DISTINGUISHING  SOIL 
CHARACTERISTICS 

The  soils  of  the  Martin  Creek  area  are  in  the  Felta  series 
mapped  by  Miller  (1972).  They  have  a  gray  brown  gravelly 
loam  A  horizon  to  a  depth  of  13  cm  and  a  gray  brown  B  hori- 
zon with  subangular  blocky  structure  and  thin  clay  films  in 
pores  to  60  cm.  The  deeper,  less  weathered  horizons  of  these 
soils  are  more  acid,  more  clayey,  more  plastic,  and  higher  in 
free  swell  than  those  at  the  surface.  For  example,  the  A  hori- 


zon in  TP-10  has  a  free  swell  of  40%,  while  the  CI  has  a  free 
swell  of  140%  (Table  1).  B  horizons  have  intermediate  values 
of  free  swell  and  plasticity.  The  swelling  clay  in  the  soil  hori- 
zons is  montmorillonite.  There  is  no  evidence  for  the  pedo- 
genesis of  smectite,  which  probably  would  form  beidellite 
rather  than  montmorillonite  under  these  acid  conditions  (Bor- 
chardt  and  Hill,  1985).  Clearly,  the  expansive  properties  of  the 
pseudo-mole  tracks  are  inherited  from  the  parent  materials  and 
are  not  a  result  of  soil  formation. 

There  are  two  types  of  clay  minerals  at  Martin  Creek:  mont- 
morillonite and  kaolinite  (Table  1).  Samples  from  a  clay  bed 
and  from  an  adjacent  tuffaceous  sandstone  have  nearly  identi- 
cal proportions  of  montmorillonite  and  kaolinite.  However, 
the  clay  bed  has  a  free  swell  of  140%  while  the  tuffaceous 
sandstone  has  a  free  swell  of  only  40%.  The  expansion  poten- 
tial of  the  clay  bed  is  3.5  times  the  expansion  potential  of  the 
tuffaceous  sandstone. 
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Figure  2a.  Martin  Creek  site  showing  pseudo-mole  tracks  1  and  2,  and  the  Alexander-Redwood  Hill  fault  (thick  line). 


Photo  1   Pseudo-mole  track  no.  1  as  seen  from  the  east.  Trench  TP-10  was  excavated  about  12  feet 
northwest  of  the  oak  tree  in  the  middle  of  the  pseudo-mole  track. 


SOIL  DEFORMATION 

Pseudo-mole  track  1  is  the  moj 
prominent  of  those  investigated 
by  trenching  (Figure  3  and  Photc 
1).  At  its  most  well  developed 
point  this  track  is  about  14  inche: 
higher  than  its  surroundings  and 
about  3-1/2  feet  wide  (Figure  3). 
Fissure  Fl  on  the  track's  north- 
east side  extends  discontinuous!) 
for  several  hundred  feet.  The 
fissure  is  about  seven  inches  wid 
at  the  top  and  pinches  out  at  a 
depth  of  about  22  inches.  Simila 
ground  fissuring  was  observed 
along  portions  of  pseudo-mole 
track  2  (Figures  2a  and  2b)  and 
also  was  reported  by  Cloud  and 
others  (1970). 

In  trench  TP-10  three  clay  bed 
(CI,  C3  and  C5)  are  sandwichec 
between  tuffaceous  sandstone 
beds  (Figure  3).  Clay  bed  CI  is 
sheared  at  intervals  of  one  inch  < 
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Figure  2b.  Close-up  sketch  of  the  Martin  Creek  site  showing  pseudo-mole  tracks  and  trench  locations. 


less,  whereas  clay  beds  C3  and  C5  are  not  sheared.  Clay  beds 
CI  and  C3  are  highly  expansive,  whereas  the  intervening  tuf- 
faceous  sandstone  C2  is  not.  A  pseudo-mole  track  has  formed 
updip  of  sheared  clay  bed  CI,  but  not  updip  from  unsheared 
clay  bed  C3  for  reasons  that  are  not  clear.  Perhaps  the  runoff 
from  the  hillside  to  the  northwest  is  accessible  to  clay  bed  CI 
but  not  clay  bed  C3. 

CI  dips  40  degrees  to  the  northeast,  averages  a  foot  in  width, 
and  pinches  out  at  its  top.  Similar  sheared  clay  beds  were  ob- 
served below  each  track  investigated  in  other  trenches  and 
most  of  them  pinched  out  at  their  tops. 

Four  shear  planes  (SI,  S2,  S3,  and  S4)  with  dip-slip  slicken- 
sides  were  observed  in  trench  TP-10  (Figure  3).  Shears  S2  and 
S3  branch  from  SI.  Shear  S4  is  confined  wholly  within  the 
tuffaceous  sandstone  northeast  of  clay  bed  CI .  Shear  S2  trun- 
cates the  B3  horizon  and  shear  S3  offsets  the  A2,  Bl,  and  B2 
horizons. 


On  hillsides,  some  segments  of  pseudo-mole  tracks  1  and  2 
contain  cavities  up  to  one  foot  in  diameter.  The  tracks  are 
subtle,  even  nonexistent,  where  cavities  exist.  Sink  holes  up  to 
two  feet  long  and  one  foot  wide  form  where  the  cavity  roofs 
collapse.  The  cavities  probably  form  by  erosion  of  seasonal 
shrinkage  cracks  that  are  common  in  the  highly  expansive 
tracks  (e.g.,  fissure  Fl,  Figure  3).  Sheet  flow  diverted  along  a 
track  during  the  early  part  of  the  rainy  season  may  enter  one  of 
these  fissures,  widening  and  deepening  it.  Later  soil  expansion 
may  completely  close  the  upper  part  of  the  fissure,  but  not  the 
eroded  lower  part.  Once  established,  this  subterranean  drain- 
age system  forms  larger  pipes  until  roof  collapse  occurs. 

DISCUSSION  AND  INTERPRETATION 

The  pseudo-mole  tracks  in  the  Martin  Creek  area  are  associ- 
ated with  seasonally  recurring  vertical  movement  resulting  in 
damage  to  construction  over  several  years.  The  movement  is 
not  associated  with  earthquakes,  bedrock  offset,  or  convincing 
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Figure  3.  Log  of  the  southeast  wall  of  TP-10  across  pseudo-mole  track  No.  1 


evidence  of  ongoing  fault  creep,  which  argues  against  a  tec- 
tonic cause.  The  clay  beds  are  most  likely  derived  from  alter- 
ation of  volcanic  ash  tuff.  When  rocks  of  the  Santa  Rosa  block 
underwent  folding  during  the  Tertiary  and  Pleistocene  (Fox, 
1983),  compressional  folding  of  the  Glen  Ellen  Formation 
may  have  caused  flexural  slip  in  clay  beds.  Such  displacement 
may  account  for  part  of  the  shearing  observed  in  some  clay 
beds  at  depth.  It  seems  more  likely,  however,  that  the  slicken- 
sided  dip-slip  shear  planes  immediately  below  the  pseudo- 
mole  tracks  were  formed  as  the  clay  beds  flowed  toward  the 
ground  surface  under  expansion  pressure. 

Not  all  clay  beds  have  active  pseudo-mole  tracks.  The  active 
beds  apparently  receive  extra  moisture  from  intercepted  sur- 
face water  that  remains  in  contact  with  the  expansive  clay  for 
long  periods.  Because  the  expansive  clay  beds  are  restricted 
laterally  by  less  expansive  tuffaceous  sandstone  on  each  side, 
the  clay  beds  flow  toward  the  surface  like  toothpaste.  The 


flow  causes  the  soil  horizons  above  the  beds  to  bulge  up,  dis- 
placing some  less  plastic  horizons  along  discrete  shear  planes. 

The  upward  tapering  of  the  sheared  clay  beds  may  be  due  to 
lateral  compression.  Because  they  also  contain  some  montmo- 
rillonite,  the  adjacent  tuffaceous  units  may  expand  laterally  as 
they  become  saturated  by  percolating  surface  water.  This 
would  increase  the  confinement  pressure  on  the  upper  part  of 
the  sheared  clay  bed,  thus  decreasing  its  thickness. 

Clay  bed  expansion  may  also  result  from  unloading  caused 
by  excavation  or  erosion  (Meehan  and  others,  1975).  For  ex- 
ample, the  removal  of  the  overburden  during  construction  of 
the  pool  and  its  replacement  with  less  dense  material  removed 
part  of  the  static  load  that  may  have  counterbalanced  the  up- 
ward vertical  pressure  produced  by  a  moist  clay  bed.  Even 
without  added  moisture,  the  relatively  unconfined  clay  bed 
may  have  expanded  upward,  thus  lifting  the  pool  slightly. 
Leakage  from  the  pool  would  only  exacerbate  the  problem. 


! 
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OTHER  PSEUDO-MOLE  TRACK 
LOCALITIES 

Features  resembling  pseudo-mole  tracks  have  been  observed 
elsewhere  in  the  region.  Theoretically,  pseudo-mole  tracks 
may  form  wherever  steeply  inclined  montmorillonite  clay 
beds  expand  by  water  absorption  or  unloading.  Two  examples 
follow: 

Meehan  and  others  (1975)  identified  extensive  damage  to 
roads,  swimming  pools,  and  buildings  due  to  differential  uplift 
above  claystone  in  Menlo  Park.  Although  some  observers 
suggested  the  ground  movements  were  of  tectonic  origin,  the 
damage  reportedly  resulted  from  expansion  of  montmorillonit- 
ic  claystone  due  to  ground  water  absorption  and  unloading  in 
deep  excavations.  The  claystone  is  similar  to  the  clay  beds  of 
the  Martin  Creek  area,  being  intensely  jointed,  slickensided, 
and  interbedded  with  sandstone.  The  claystone  swells  to  100% 
or  more,  heaving  steeply  inclined  claystone  beds  that  bulge  the 
surface  by  as  much  as  six  inches.  Damage  is  difficult  to  avoid 
even  when  precautions  are  taken  by  constructing  extensive 
drainage  systems  and  drilled  pier  foundations. 

A  small  linear  mound  formed  in  the  notoriously  expansive 
Orinda  Formation  across  Old  Ranch  Road  near  San  Ramon 
(Terrasearch,  1979).  The  road  required  several  periods  of 
maintenance  in  the  1970s.  The  broad,  northwest-trending 
mound  rose  several  inches  over  steeply  dipping  faulted  clay- 
stone and  sand  interbeds.  Because  the  mound  was  generally 
aligned  with  the  Pleasanton  fault,  and  formed  a  local  ground- 
water barrier,  the  project  consultant  attributed  the  cause  to 
faulting.  However,  no  evidence  of  road  offset  by  faulting  was 
observed  (Hart,  1981).  The  uplift  was  probably  due  to  expan- 
sive soil  or  bedrock  associated  with  a  ground  water  barrier. 

CONCLUSIONS 

Fault  investigators  should  be  aware  of  pseudo-mole  tracks 
and  learn  to  distinguish  them  from  active  faults.  Ground  defor- 
mation similar  to  the  pseudo-mole  tracks  of  the  Chalk  Hill 
Road  area  has  been  observed  elsewhere  in  the  San  Francisco 
Bay  region,  but  its  origin  is  seldom  clear.  Although  pseudo- 
mole  tracks  resemble  active  faults,  we  have  observed  no  con- 
vincing evidence  for  a  tectonic  origin.  The  soil  deformation 
and  damage  to  construction  apparently  is  caused  by  the  expan- 
sion of  steeply  inclined  montmorillonite  clay  beds  when  they 
respond  to  increased  moisture  or  unloading.  Because  dipping 
expansive  clay  beds  are  not  well  understood,  the  differential 
expansion  they  produce  is  difficult  to  mitigate.  Perhaps  some 
construction  can  bridge  over  expansive  clay  beds  to  avoid 
damage.  However,  a  variety  of  drainage  and  foundation  reme- 
dies have  been  tried  with  limited  success  (Meehan  and  others, 
1975).  Overexcavation  and  replacement  with  nonexpansive 
fill  apparently  triggers  clay  bed  expansion  whenever  there  is 


significant  unloading.  Water  diversion  is  difficult  to  achieve 
and  expansion  at  depth  may  affect  drilled  piers.  Until  more 
effective  remedies  are  devised  to  reduce  the  risk  of  construc- 
tion damage,  identifying  and  avoiding  construction  across 
expansive  clay  beds  may  be  the  best  mitigation. 
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Progress  in  1991  for  Reducing  Losses  in 
Future  San  Francisco  Bay  Area  Earthquakes 

by 
William  H.  Bakun1 


ABSTRACT 

Significant  progress  was  made  in  1991  in  addressing  the  earthquake  hazard  in  the  San  Francisco  Bay 
Area:  1)  Trenches  across  the  major  active  faults  in  the  region  provided  new  evidence  of  prehistoric  earth- 
quakes; 2)  An  instrumentation  cluster  to  monitor  earthquake  processes  along  the  southern  Hayward  fault  was 
begun  with  the  installation  of  borehole  seismometers  and  a  network  of  Global  Positioning  System  (GPS) 
receivers,  and  the  evaluation  of  sites  for  the  installation  of  borehole  strainmeters;  3)  An  integrated  and 
comprehensive  experiment  in  the  South-of-Market  St.  area  of  San  Francisco  is  being  installed  to  clarify  how 
geologic  conditions  at  a  site  affects  the  shaking  there;  4)  The  US  Geological  Survey  (USGS),  the  University  of 
California  at  Berkeley  (UCB),  Stanford  University,  the  Pennsylvania  State  University,  Woods  Hole  Oceano- 
graphic  Institute,  and  the  California  Department  of  Transportation  cooperated  in  the  "Bay  Area  Seismic 
Imaging  Experiment"  (BASIX)  to  acquire  an  integrated  suite  of  marine  and  land  seismic  reflection  and 
refraction  data  to  resolve  crustal  structure  important  to  our  understanding  of  regional  earthquake  processes; 
5)  A  cooperative  USGS-UCB  Bay  Area  seismic  data  archive  to  be  located  at  UCB  was  funded  and  should  be 
operational  in  1992. 


INTRODUCTION 

The  Working  Group  on  California  Earthquake  Probabili- 
ties (WGCEP,  1990)  concluded  that  there  is  a  67%  chance 
of  at  least  one  magnitude  7  earthquake  in  the  Bay  Area  in 
the  next  30  years.  Clearly  the  San  Francisco  Bay  Area  is  at 
significant  seismic  risk  and  extraordinary  measures  are 
warranted  to  address  that  risk.  Recognizing  this,  the  USGS 
used  the  supplementary  FY91  National  Earthquake  Hazard 
Reduction  Program  (NEHRP)  appropriation  to  implement  a 
comprehensive,  integrated  USGS  earthquake  hazard 
reduction  program  in  the  San  Francisco  Bay  Area  that  takes 
into  account  lessons  learned  in  the  1989  Loma  Prieta 
earthquake.  The  Bay  Area  program  addresses  the  evaluation 
of  earthquake  potential,  the  prediction  of  the  effects  of 
earthquakes,  and  outreach. 

EARTHQUAKE  POTENTIAL 

Research  on  earthquake  potential  is  conducted  in  28 
projects,  grouped  into  monitoring  crustal  deformation, 
geologic  and  geophysical  framework,  neotectonics, 
earthquake  prediction,  and  seismicity. 

Monitoring  Crustal  Deformation.  Geodetic  observations 
resolve  the  ongoing  deformation  reflecting  crustal  strain 
that  eventually  is  released  in  earthquakes.  At  present  there 
is  only  sparse  geodetic  coverage  in  some  parts  of  the  Bay 
Area,  for  example  along  the  eastern  margin  of  the  bay, 


where  development  and  topography  have  hindered  siting  of 
instruments.  However  it  is  now  possible  with  new  kinds  of 
instruments,  for  example,  the  Global  Positioning  System 
(GPS),  to  extend  geodetic  coverage  to  these  areas. 

In  1991  a  GPS  receiver  was  purchased  and  installed  along 
the  southern  segment  of  the  Hayward  fault  to  complement 
the  4  GPS  receivers  already  located  there.  The  GPS 
network  allows  slip  at  earthquake  depths  to  be  monitored 
along  the  southern  segment  of  the  Hayward  fault. 

Geologic  and  Geophysical  Framework.  An  understanding 
of  the  structure  and  tectonic  history  of  the  area  is  needed  to 
provide  the  regional  context  for  fault-specific  studies. 
Surface  geologic  mapping  and  related  studies  provide  the 
principal  control  on  fault  distribution  and  behavior  through 
time,  while  appropriate  combinations  of  geophysical 
techniques  provide  the  subsurface  information  needed  to 
develop  a  three-dimensional  picture  of  the  upper  crust. 

In  1991  digital  maps  of  surface  geology  for  parts  of  the 
south  and  east  Bay  Area  were  completed  as  was  a  com- 
pletely updated  map  of  the  Hayward  fault  showing  all 
known  active  fault  traces.  Geologic  maps  and  associated 
information  are  being  recorded  in  a  geographic  information 
system  (GIS),  permitting  efficient  computer-based  interpre- 
tations, such  as  the  estimation  of  the  distribution  of  seismic 
ground  motions  from  large  earthquakes. 


'U.  S.  Geological  Survey,  345  Middlefield  Road,  MS  977,  Menlo  Park,  CA  94025 
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Previously-unrecognized  thrust  faulting  is  being  added  to 
the  relatively  simple  pattern  of  rocks  and  faults  defined  in 
past  studies  of  the  Bay  Area.  Field  investigations  along  the 
southern  section  of  the  Hayward  fault  zone  are  aimed  at  a 
better  assessment  of  the  potential  seismic  hazard  of  faults 
capable  of  both  strike-slip  and  thrust  motion,  such  as 
occurred  in  the  1989  Loma  Prieta  earthquake.  Evaluation  of 
Quaternary  thrust  faulting  along  the  southwest  margin  of  the 
Sacramento  Valley  indicates  that  these  faults  must  be 
considered  capable  of  generating  moderate-to-large  earth- 
quakes. 

In  September,  the  USGS,  UCB,  Stanford  University,  the 
Pennsylvania  State  University,  Woods  Hole  Oceanographic 
Institute,  and  the  California  Department  of  Transportation 
cooperated  in  the  "Bay  Area  Seismic  Imaging  Experiment" 
(BASIX)  to  acquire  an  integrated  suite  of  marine  and  land 
seismic  reflection  and  refraction  data.  The  goal  of  BASIX  is 
to  resolve  a  variety  of  regional  crustal  structure  issues 
related  to  the  earthquake  potential  of  the  region.  The  field 
experiment  was  remarkably  successful  and  analyses  now 
underway  may  provide  important  constraints  on  regional 
tectonic  models. 

Neotectonics.  The  estimation  of  earthquake  probabilities 
depends  critically  on  our  knowledge  of  historic  and  prehis- 
toric earthquakes.  By  studying  earthquake-disturbed 
sediments  in  trenches  dug  across  and  along  active  faults, 
geologists  can  infer  the  occurrence  and  timing  of  prehistoric 
earthquakes  that  ruptured  the  fault  at  the  trench  site. 

In  1991  there  were  important  improvements  in  our 
understanding  of  the  rates  of  movement  along  Bay  Area 
faults  and  in  the  timing  of  prehistoric  earthquakes.  Trenches 
along  the  Hayward  fault  near  Fremont  revealed  evidence  of 
up  to  5  large  earthquakes  during  the  past  1700  years, 
including  2  in  the  past  320  years,  suggesting  a  maximum 
average  recurrence  time  of  large  earthquakes  on  the 
Hayward  fault  of  190  years.  Trenches  on  the  Rodgers  Creek 
fault  suggest  that  magnitude  7  earthquakes  occur  there  every 
275-300  years  and  that  the  last  3  events  occurred  around  the 
years  1 100,  1400,  and  1700  AD.  Trench  investigations  on 
the  San  Andreas  fault  suggest  a  large  earthquake  occurred  in 
the  mid- 1600s  in  the  Santa  Cruz  Mountains,  in  Marin 
County,  and  near  Fort  Ross,  about  100  miles  north  of  San 
Francisco.  If  subsequent  studies  show  these  to  be  one 
earthquake,  it  would  suggest  that  1906-type  magnitude  8 
earthquakes  occur  about  every  250  years. 

Earthquake  Prediction.  Because  of  the  diverse  nature  of 
the  possible  precursors,  a  monitoring  program  for  earth- 
quake prediction  necessarily  includes  sensors  from  a 
spectrum  of  disciplines.  Experience  at  Parkfield  and 
elsewhere  has  demonstrated  that  these  instruments  must  be 
deployed  in  clusters  both  for  consistency  checks  and  for 
integration  into  a  comprehensive  description  of  precursory 
tectonic  processes. 


In  1991,  8  borehole  dilatometers  and  2  tensor  strainmeters 
were  purchased  for  deployment  in  a  cluster  along  the 
southern  section  of  the  Hayward  fault.  Exploratory 
drillholes  at  prospective  instrument  sites  were  completed, 
and  competent,  unfractured  sandstone  suitable  for  emplace- 
ment of  borehole  instruments  in  the  spring  of  1992  were 
found  at  depths  of  200-600'  at  several  sites  east  of  the 
Hayward  fault  from  Fremont  to  San  Leandro,  and  at  Coyote 
Hills  west  of  the  fault  near  Fremont.  Seismometers  were 
emplaced  at  the  bottom  of  6  of  the  exploratory  holes. 

Seismicity.  Knowledge  of  the  time  and  space  distribution 
of  earthquake  activity  (seismicity)  is  essential  to  character- 
ize the  active  faults  and  tectonic  framework  that  results  in 
infrequent,  devastating  large  earthquakes. 

In  1991,  10  new  CALNET  seismographs  were  installed 
along  the  margins  of  the  Bay  and  along  the  Rodgers  Creek 
fault,  reducing  the  earthquake  detection  threshold  along  the 
northern  Hayward  fault  from  1.7  to  1.0.  Components  of  a 
USGS-UCB  digital  seismic  network  to  be  sited  along  the 
Hayward  fault  were  funded  and  will  be  deployed  in  1992.  A 
cooperative  USGS-UCB  Bay  Area  seismic  data  archive  to 
be  located  at  UCB  was  funded  and  should  be  operational  in 
1992. 

Seven  underground  explosions  were  detonated  in  April- 
May  in  the  region  of  the  1989  Loma  Prieta  earthquake  and 
recorded  on  about  400  temporary  seismographs.  This 
experiment  was  designed  to  resolve  crustal  structure  in  the 
Loma  Prieta  epicentral  area  and  improve  our  locations  of 
Loma  Prieta  aftershocks. 


Ill-  EARTHQUAKE  EFFECTS 

Research  on  earthquake  effects  is  conducted  in  10  projects 
that  address  ground  failure  and  site  response. 

Ground  Failure.  Loss  of  life  and  damage  to  property  in 
earthquakes  is  often  a  direct  result  of  ground  failure.  The 
most  obvious  ground  failure  is  the  offset  of  the  causative 
fault,  with  potentially  severe  damage  to  any  structures  built 
on  the  active  fault.  Landslides,  slope  failure,  and  liquefac- 
tion triggered  by  shaking  can  cause  catastrophic  losses  over 
a  much  broader  region. 

Analyses  in  1991  showed  that  off-fault  fissures  in  the 
Santa  Cruz  Mountains  produced  in  the  1989  earthquake 
were  largely  shaking  induced.  These  studies  provide  a 
calibration  for  potentially  similar  zones  of  shaking-induced 
ground  failure  along  slopes  and  ridge  crests  in  other  parts  of 
the  Bay  Area.  Seismic  refraction  profile  data  collected  in 
May  show  that  the  strong  shaking  in  Oakland  and  San 
Francisco  during  the  Loma  Prieta  earthquake  were  due  in 
part  to  reflections  of  seismic  energy  from  various  layers  of 
rock  at  depth,  suggesting  that  pre-earthquake  surveys  can  be 
used  to  better  predict  areas  of  strong  shaking. 
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The  critical  need  for  more  recordings  of  strong  shaking  at 
sites  near  the  causative  fault  was  addressed  with  the 
purchase  of  14  accelerographs.  These  instruments  will  be 
deployed  along  the  major  faults  in  the  Bay  Area  so  that 
shaking  from  future  Bay  Area  earthquakes  can  be  recorded 
near  the  causative  fault. 

Site  Response.  Soft,  water-saturated  soil  deposits  often 
amplify  certain  frequencies  of  shaking  several  times, 
resulting  in  ground  motion  levels  sufficient  to  cause 
collapse  of  structures. 

In  1991,  equipment  was  purchased  and  plans  completed  to 
collect  an  integrated  and  comprehensive  data  set  on  the 
response  of  soft  soils  and  structures  to  seismic  shaking  in 
the  South-of-Market  St.  area  of  San  Francisco  where 
extensive  damage  occurred  both  in  1906  and  in  1989. 
Borehole  instrumentation  will  be  installed  at  3  sites  and  the 
instrumentation  of  "free-field"  sites  and  at  the  Chevron 
Building  will  be  upgraded.  Site  investigation,  modeling,  and 
hazard  assessment  in  San  Francisco  are  showing  how  site 
amplification  from  underlying  soft  bay  mud  is  important  in 
the  liquefaction  of  the  overlying  fills  during  shaking. 
Continuing  field  investigations  of  liquefaction  near 
Monterey  Bay  during  the  Loma  Prieta  demonstrate  that 
ground  settlement  is  an  important  agent  of  damage  in 
liquefaction. 


IV-  OUTREACH 

Outreach —  the  translation  and  transfer  of  research  beyond 
the  earth  science  community —  is  conducted  in  5  projects. 
Bay  Area  seismicity  posters  and  postcards  have  elevated 
earthquake  awareness  in  the  general  public.  A  video 
showing  Bay  Area  earthquake  hazards  and  mitigation 
strategies  is  available  to  the  public  and  has  been  shown  on 
public  television.  Development  of  computer  models  to 
forecast  economic  effects  of  earthquake  policies  and 
regulations  promises  to  provide  a  way  to  estimate  the  cost 
effectiveness  of  implementing  hazard  mitigation  measures. 
A  cooperative  study  with  Santa  Cruz  County  on  landslides 
in  the  Santa  Cruz  Mountains  during  the  Loma  Prieta 
earthquake  demonstrated  the  technique  and  also  the  poten- 
tial effective  use  of  geologic  information  in  public  policy 
decisions. 
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ABSTRACT 

We  present  a  comprehensive  seismic  hazard  model  of  the  San  Francisco  Bay  Area  for  use 
in  probabilistic  analyses  for  earthquake  hazards  affecting  the  East  Bay.  The  spatial  distribution 
of  seismicity  for  the  region  requires  two  types  of  seismic  sources:  fault-specific  sources  that 
represent  mapped  active  strike-slip  faults  in  the  region,  and  distributed  seismic  zones  that 
represent  earthquake  activity  on  minor  faults  and  unmapped  features  between  the  major 
faults.  We  develop  recurrence  parameters  for  all  sources  by  converting  crustal  deformation 
rates  (fault  slip  rates  and  fault-normal  shortening  rates)  into  seismic  moment  rates.  The  only 
recurrence  parameter  estimated  from  seismicity  is  a  regional  b-  value  used  to  specify  the 
slope  of  the  exponentially  distributed  magnitudes.  The  levels  of  seismicity  predicted  from 
crustal  deformation  rates  generally  match  the  observed  seismicity  rates  on  both  a  source-by- 
source  basis  and  for  the  Bay  Area  as  a  whole.  The  mapped  strike-slip  faults  constitute  the 
major  source  of  earthquake  hazard  throughout  the  region. 


INTRODUCTION 

Probabilistic  analysis  of  ground  shaking  hazard  requires  that 
the  distribution  of  potential  future  earthquakes  be  specified  in 
time,  space,  and  size.  In  this  paper  we  present  a  comprehen- 
sive earthquake  recurrence  model  for  the  central  San  Fran- 
cisco Bay  region  in  which  earthquake  recurrence  rates  are 
based  on  crustal  deformation  rates.  Previous  researchers  have 
used  fault  slip  rates  to  estimate  earthquake  recurrence  in  the 
Bay  Area  (e.g.,  Shedlock  and  others,  1980;  Lindh,  1988;  WG- 
CEP,  1990),  but  these  researchers  did  not  compare  their  pre- 
dicted rates  with  recorded  seismicity.  Other  investigators  have 
shown  that  recorded  seismicity  rates  for  a  region  can  be  pre- 
dicted from  crustal  deformation  rates  (e.g.,  Youngs  and  Cop- 
persmith, 1985,  for  the  western  Transverse  Ranges,  and  Wes- 
nousky,  1986,  for  all  of  California).  In  this  study  we  convert 
crustal  deformation  rates  into  seismic  moment  rates  and  apply 
standard  recurrence  models  to  predict  average  seismicity  rates 
for  the  region  extending  from  the  San  Gregorio  fault  on  the 
west  to  the  Greenville  fault  on  the  east.  The  predicted  seismic- 
ity rates  are  compared  to  the  observed  seismicity  rates  on  both 
a  source-by-source  basis  and  a  regional  basis  to  evaluate  the 


predictive  capability  of  the  approach.  The  analysis  also  pro- 
vides a  means  of  evaluating  whether  the  low  contribution  to 
seismic  hazard  from  off-fault  seismicity  inferred  from  the 
historical  record  is  consistent  with  inferences  of  seismic  haz- 
ards that  could  be  made  from  regional  fault-normal  short- 
ening. 

REGIONAL  SEISMICITY  AND  SPATIAL 
DISTRIBUTION  OF  EARTHQUAKES 

Figurel  shows  the  spatial  distribution  of  recorded  seismicity 
in  the  San  Francisco  Bay  Area.  The  catalog  sources  are  the 
DNAG  catalog  (Engdahl  and  Rinehart,  in  press)  for  pre-1969 
data  and  the  recently  revised  U.S.  Geological  Survey  (USGS) 
catalog  from  Menlo  Park  for  post- 1968  data.  The  pre-1969 
DNAG  catalog  was  revised  by  using  the  results  of  recent  spe- 
cial studies  of  historical  events  (e.g.,  Tuttle  and  Sykes,  1992; 
Toppozada  and  others,  1992).  Also  shown  on  Figure  1  are  the 
mapped  major  active  faults  and  intervening  crustal  blocks  in 
the  region.  What  is  somewhat  unusual  about  the  San  Francisco 
Bay  Area  is  that  the  observed  seismicity  clearly  delineates  the 
mapped  pattern  of  faulting;  the  delineation  has  become  sharp- 


1Geomatrix  Consultants,  100  Pine  St.,  10th  Floor,  San  Francisco,  CA  94111  2 
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er  as  earthquake  location  precision  has  improved.  Focal  mech- 
anisms for  earthquakes  in  the  vicinity  of  the  mapped  faults 
show  predominately  strike-slip  motion  (Ellsworth  and  others, 
1982;  Oppenheimer  and  Macgregor- Scott,  1992)  which  agrees 
with  the  observed  sense  of  slip  on  the  faults.  Focal  mecha- 
nisms for  earthquakes  in  the  intervening  crustal  blocks  show  a 
mixture  of  strike-slip  and  reverse  faulting  (Ellsworth  and  oth- 
ers, 1982;  Oppenheimer  and  Macgregor-Scott,  1992),  which  is 
also  in  general  agreement  with  the  observed  pattern  of  minor 
faulting  and  folding  that  occurs  in  response  to  crustal  shorten- 
ing normal  to  the  plate  boundary  (Page,  1982).  The  recently 
updated  post- 1969  USGS  catalog,  which  has  a  horizontal 
location  precision  of  ~1  km  (Oppenheimer  and  Macgregor- 
Scott,  1992)  shows  continued  seismic  activity  in  the  inter-fault 
crustal  blocks  (Figure  1). 

Like  most  other  investigators,  we  consider  the  major 
mapped  active  faults  to  be  the  primary  loci  of  future  earth- 
quakes of  concern  in  assessing  ground  shaking  hazard  (typi- 
cally events  of  magnitude  5.0  and  greater).  These  sources  are 
represented  in  the  hazard  computational  model  as  high-angle 
planar  features.  In  addition,  we  include  area  seismic  source 
zones  that  represent  the  inter-fault  crustal  blocks  to  provide  a 
more  complete  representation  of  the  seismic  hazard  in  the 
region.  This  type  of  source  does  not  represent  a  fundamentally 
different  seismogenic  process,  but  rather  represents  our  lack 
knowledge  of  exactly  where  the  individual  faults  lie  within  the 
source  zones.  Any  lack  of  fault-specific  knowledge  means  that 
we  must  generalize  the  locations  of  the  sources. 

The  seismic  source  zonation  shown  on  Figure  1  represents 
the  basic  spatial  distribution  of  future  seismicity  defined  by 
the  model.  In  probabilistic  seismic  hazard  analysis,  future 
earthquake  ruptures  within  a  single  source  are  assumed  to 
occur  randomly,  typically  following  a  uniform  distribution 
along  its  length  (fault-specific  sources)  or  over  its  area  (areal 
source  zones)  (see  EERI  Seismic  Risk  Committee,  1989  for 
basic  description  of  hazard  process).  This  assumption  is  re- 
quired whenever  we  are  unable  to  predict  the  likely  location  of 
the  next  rupture  on  a  given  seismic  source.  Large  differences 
in  behavior  characteristics  along  major  fault  zones  are  used  to 
restrict  the  spatial  distribution  of  earthquakes  to  specific  seg- 
ments. For  example,  in  our  model  we  assume  that  large  mag- 
nitude ruptures  on  the  San  Andreas  fault  only  occur  north  of 
San  Juan  Bautista.  This  is  warranted  because  there  are  large 
differences  in  fault  behavior  to  the  north  and  south  of  this 
point  and  because  this  point  was  the  southern  termination  of 
the  1906  rupture. 

Some  researchers  have  extended  this  procedure  to  define 
discrete  rupture  segments  within  individual  faults.  Thus  indi- 
vidual segments  along  the  Wasatch  fault  in  Utah  apparently 
define  the  extent  of  repeated  ruptures  (Schwartz,  1988).  Such 
clearly  defined  segment  boundaries  or  documented  variations 
in  long  term  slip  rate  along  faults  can  be  used  to  specify  the 
spatial  distribution  for  future  ruptures.  Oppenheimer  and  oth- 
ers (1990)  correlated  patterns  of  small-magnitude  seismicity 


with  rupture  locations  of  moderate  magnitude  earthquakes 
along  the  southern  Calaveras  to  predict  the  likely  locations  of 
future  events  of  similar  size.  This  model  implies  that  such 
events  are  the  largest  that  can  occur  during  the  next  seismic 
cycle  on  the  fault.  We  have  considered  this  scenario  as  one 
possibility  in  defining  the  maximum  magnitude  for  the  south- 
ern Calaveras.  However,  if  still  larger  earthquakes  are  postu- 
lated, then  one  must  make  assumptions  about  their  rupture 
locations  in  relationship  to  the  small  segments.  Unfortunately, 
our  current  understanding  of  the  rupture  mechanics  of  most  of 
the  faults  in  the  Bay  area  is  insufficient  to  preclude  earthquake 
ruptures  of  any  magnitude  less  than  the  maximum  from  occur- 
ring at  any  point  along  an  individual  source.  This  is  especially 
true  when  all  or  most  of  a  fault  is  known  to  have  ruptured  in  a 
single  event.  If  the  data  suggest  a  non-uniform  likelihood  of 
rupture,  then  this  should  be  included  in  the  hazard  evaluation. 

Cumulative  earthquake  frequencies  (Figure  2)  were  comput- 
ed by  using  the  maximum  likelihood  approach  developed  by 
Weichert  (1980).  This  accounts  for  variable  catalog  complete- 
ness as  a  function  of  earthquake  size.  Catalog  completeness 
for  various  magnitude  intervals  was  estimated  by  using 
Stepp's  (1972)  method.  The  period  of  complete  reporting 
started  in  about  1942  for  M  a3, 1920  for  M  2:4, 1852  for  M  25, 
and  1800  for  M  s7.  Although  the  periods  of  complete  report- 
ing for  the  larger  magnitude  events  extends  back  to  the  previ- 
ous century,  the  location  uncertainties  of  the  older  events  is 
large.  Bolt  and  Miller  (1975)  and  Oppenheimer  and  others 
(1990)  indicate  that  the  location  accuracies  of  events  in  the 
U.C.  Berkeley  catalog  before  1960  is  about  10  km,  declining 
to  about  5  km  after  that.  As  indicated  above,  earthquake  loca- 
tion uncertainties  are  about  1  km  for  the  updated  USGS  cata- 
log for  events  after  1969. 

Location  accuracy  was  taken  into  account  in  assigning 
events  to  fault-specific  sources  by  constructing  10-km-wide 
corridors  along  each  fault  and  assuming  that  all  events  in  that 
zone  are  attributed  to  the  fault  and  that  those  outside  are  attrib- 
uted to  the  adjacent  crustal  blocks.  The  resulting  earthquake 
counts  in  each  zone  were  then  used  to  compute  the  cumulative 
earthquake  frequencies  for  the  source  (solid  dots  in  Figure  2). 
The  error  bars  represent  90-percent  confidence  intervals  for 
earthquake  frequencies  computed  by  using  the  formulation 
developed  by  Weichert  (1980).  These  rates  may  be  biased 
because  the  location  uncertainties  of  events  before  1960  are 
larger  than  the  corridor  width,  thus  allowing  some  of  the  seis- 
micity along  the  more  active  faults  to  spill  into  neighboring 
zones.  The  potential  bias  was  examined  by  computing  a  sec- 
ond set  of  cumulative  earthquake  frequencies  for  events  less 
than  magnitude  6  by  using  only  seismicity  recorded  after  1960 
(open  circles  in  Figure  2).  For  several  of  the  inter-fault  source 
zones,  the  30-year  seismicity  rates  are  somewhat  lower  than 
the  long-term  rates.  In  nearly  all  cases,  however,  the  90-per- 
cent confidence  interval  on  the  30-year  rate  encompasses  the 
mean  long-term  rate.  Any  potential  bias  is  not  severe  and  is 
smaller  than  the  uncertainty  in  the  estimated  rates. 
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EARTHQUAKE  RECURRENCE 
PARAMETERS 

The  parameters  that  define  earthquake  recurrence  within  a 
seismic  hazard  analysis  are:  the  overall  level  of  seismic  activi- 
ty, the  maximum  magnitude,  and  the  earthquake  size  distribu- 
tion model.  Our  methods  for  assessing  maximum  earthquakes 
and  earthquake  recurrence  are  described  in  detail  in  Schwartz 
(1988)  and  Coppersmith  (1991).  Uncertainty  in  the  parameters 
that  define  earthquake  recurrence  was  explicitly  incorporated 
in  the  model  through  logic  trees  (e.g.,  Kulkarni  and  others, 
1984;  Coppersmith  and  Youngs,  1986). 

Maximum  magnitudes  were  assessed  by  estimating  the  max- 
imum rupture  dimensions  that  could  occur  on  individual 
sources  considering  the  dimensions  of  historical  ruptures  and 
the  locations  of  potential  fault  segmentation  points.  The  ex- 
pected magnitudes  associated  with  the  maximum  rupture  di- 
mensions were  computed  by  using  updated  empirical  relation- 
ships between  earthquake  magnitude  and  rupture  length  and 
rupture  area  for  a  global  data  set  (Wells  and  Coppersmith, 
1992). 

Seismic  activity  rates  were  estimated  from  crustal  deforma- 
tion rates  following  the  approach  of  Anderson  (1979)  and 
Molnar  (1979).  Fault  slip  rate  is  converted  into  seismic  mo- 
ment rate  by  multiplying  the  slip  rate  by  the  fault  plane  area 
and  the  crustal  rigidity  (taken  to  be  3-10"dyne-cm).  The  seis- 
mic moment  rate  is  then  distributed  among  various  magnitude 
earthquakes  by  using  an  assumed  earthquake  size  distribution 
and  a  relationship  between  earthquake  magnitude  and  seismic 
moment.  We  used  two  models  for  the  size  distribution  of 
earthquakes,  the  truncated  exponential  form  of  the  standard  b- 
value  model  (Cornell  and  Van  Marke,  1969)  and  the  character- 
istic magnitude  distribution  (Youngs  and  Coppersmith,  1985). 
Relationships  between  fault  slip  rate  and  earthquake  recur- 
rence rate  are  provided  by  Anderson  (1979)  for  the  truncated 
exponential  model  and  by  Youngs  and  Coppersmith  (1985)  for 
the  characteristic  model.  We  used  the  moment-magnitude 


relationship  of  Hanks  and  Kanamori  (1979)  to  convert  from 
seismic  moment  to  earthquake  magnitude. 

The  specification  of  the  fault  slip  rate  and  the  maximum 
magnitude  fix  the  recurrence  rate  of  the  largest  magnitude 
earthquakes  on  the  fault  zone  (within  -'/:  magnitude  unit  of 
the  maximum)  and  is  insensitive  to  the  form  of  the  magnitude 
distribution.  The  frequency  of  small  events  is  estimated  by 
extrapolation  based  on  the  magnitude  distribution  model.  Both 
the  truncated  exponential  and  characteristic  earthquake  models 
require  specification  of  a  b-value,  that  is,  the  slope  of  the  mag- 
nitude-log frequency  curve.  This  is  the  single  recurrence  pa- 
rameter estimated  from  the  observed  seismicity.  A  maximum 
likelihood  fit  to  the  regional  seismicity  yields  a  b-value  of 
0.77(±0.03).  No  statistically  significant  difference  was  found 
between  the  b-values  for  on-  fault  and  off-fault  seismicity.  The 
regional  b-value  was  assumed  to  apply  to  each  source  with  an 
uncertainty  of  ±0.12.  The  higher  uncertainty  for  individual 
sources  over  that  for  the  region  as  a  whole  reflects  the  limited 
data  associated  with  any  one  source. 

Fault-Specific  Sources 

We  assessed  maximum  earthquake  magnitudes  for  the  fault- 
specific  sources  on  the  basis  of  estimates  of  fault  segmenta- 
tion, possible  rupture  lengths  involving  individual  segments  or 
multiple  segments,  and  downdip  geometry.  Potential  maxi- 
mum rupture  scenarios  considered  that  many  of  the  faults  may 
be  part  of  a  still  larger  fault  system.  Assessment  of  maximum 
magnitude  for  the  southern  Calaveras  fault  also  considered  the 
possibility  that  the  previous  cycle  of  moderate-magnitude 
earthquakes  represents  the  full  extent  of  its  present  behavior 
(Oppenheimer  and  others,  1990).  Crustal  deformation  rates  are 
represented  by  estimates  of  fault  slip  rate.  The  parameters 
assessed  for  the  fault-specific  sources  considered  are  as  fol- 
lows: 

Earthquake  recurrence  relationships  were  developed  for 
several  fault-specific  sources  are  shown  in  Figure  3.  Shown 
are  the  mean  recurrence  relationships  and  the  uncertainty  in 


Range  in 

Range  in 

Range  in 

Rupture 

Maximum 

Slip  Rate 

Fault 

Length 

Magnitude 

(mm/yr) 

San  Andreas 

30 

7.8-8.0 

19-29' 

Hayward 

41-114* 

6.7-7.5 

4-1 12 

Rodgers  Creek 

47-94* 

6.8-7.3 

6-113 

N.  Calaveras 

29-44* 

6.6-6.8 

2-8" 

S.  Calaveras 

15-76* 

6.1-7.2 

6-1 75 

Concord 

16-36* 

6.2-6.7 

1.6-4.86 

Green  Valley 

28-82* 

6.6-7.3 

1.6-4.86 

Greenville 

35-91 

6.6-7.3 

0.1-1.07 

*  Additional  longer  lengths  were  considered  (with  very  low  weight)  representing  combined  Hayward- 
Rodgers  Creek,  N.-S.  Calaveras,  and  Concord-Green  Valley  ruptures. 
'WGCEP  (1990),  Niemi  and  Hall  (1992)  'Estimated  by  subtracting  Hayward  rate  from  S.  Calaveras 

2Data  summarized  in  WGCEP  (1990)  with  consideration  of  some  5Data  summarized  in  WGCEP  (1990) 

potential  for  aseismic  creep  6Frizzell  and  Brown  (1976),  Harsh  and  Burford  (1982) 

3Buddmg  and  others  (1991),  Schwartz  and  others  (1992)  'Sweeney  (1982)  and  Wright  and  others  (1982) 
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the  predicted  recurrence  resulting  from  the  uncertainty  in  the 
input  parameters.  The  top  row  of  plots  shows  the  predicted 
recurrence  rates  assuming  a  truncated  exponential  distribution; 
the  bottom  row  shows  the  results  for  the  characteristic  magni- 
tude distribution.  These  predicted  rates  are  compared  with  the 
observed  seismicity  rates  based  on  earthquakes  that  have  oc- 
curred in  narrow  corridors  straddling  the 
faults. 

The  characteristic  magnitude  distribution 
provides  a  better  estimate  of  the  observed 
moderate-magnitude  seismicity  rates  than 
does  the  truncated  exponential  distribution. 
In  most  cases  the  position  of  the  mean  recur- 
rence curve  is  in  reasonable  accord  with  the 
observed  seismicity  over  the  full  magnitude 
range,  indicating  that  the  use  of  the  assigned 
slip  rates  and  maximum  magnitudes  pro- 
vides reasonable  estimates  of  the  recurrence 
rates  for  the  large  events.  Because  the  pre- 
dicted rate  for  moderate-magnitude  events  is 
based  on  extrapolation  from  the  rate  of 
large-magnitude  events  by  using  the  regional  b-value,  it  scales 
directly  with  the  prediction  of  the  rate  for  large-magnitude 
seismicity.  Based  on  this  comparison,  the  characteristic  earth- 
quake magnitude  distribution  is  the  best  model  for  fault-spe- 
cific recurrence. 

The  rates  shown  by  the  open  diamonds  represent  the  long- 
term  average  rates  estimated  by  WGCEP  (1990)  (Figure  3). 
Their  consideation  of  time-dependent  probabilities  results  in 
equivalent  annual  frequencies  for  the  next  30  years  that  are 
about  twice  as  high  as  those  shown  on  Figure  3  for  the  Hay- 
ward  and  Rodgers  Creek  faults.  The  rates  predicted  in  this 
study  are  somewhat  lower  than  those  obtained  by  WGCEP. 
The  differences  reflect  the  somewhat  larger  maximum  magni- 
tudes used  in  our  study  and  the  partitioning  seismic  moment 
release  among  moderate  magnitude  earthquakes.  Both  factors 
lower  the  overall  predicted  seismicity  rate. 

Area  I  Source  Zones 

Structural  geologic  data,  geodetic  data,  and  plate  tectonic 
considerations  suggest  that  a  component  of  regional  deforma- 
tion in  the  Bay  Area  is  produced  by  fault-normal  convergence 
(see  Montgomery  and  Jones,  1992  and  Kelson  and  others, 
1992).  Because  the  major  faults  are  known  from  geologic 
information  and  focal  mechanism  data  to  be  essentially  strike 
slip,  it  is  likely  that  the  convergence  across  the  region  occurs 
within  the  crustal  blocks  between  the  strike-slip  faults. 

We  estimate  the  slip  rate  for  the  areal  source  zones  on  the 
basis  of  estimates  of  the  rate  of  horizontal  shortening  and  the 
assumption  that  the  shortening  is  accommodated  by  slip  on 
fault  planes  lying  at  an  average  angle  of  45°  to  the  direction  of 
shortening  (either  dipping  reverse  faults  or  obliquely  striking 
strike-slip  faults).  Maximum  earthquake  magnitudes  are  esti- 


mated based  on  considerations  of  the  largest  historical  earth- 
quakes associated  with  the  zone  as  well  as  considerations  of 
the  largest  magnitudes  that  could  occur  without  associated 
surface  rupture.  The  parameters  assessed  for  the  areal  source 
zones  are  as  follows: 


Areal  Source  Zone 

Range  in 

Maximum 

Magnitude 

Range  in 
Slip  Rate 
(mm/yr) 

Santa  Cruz  Mtns. 

6.7-7.0 

0.2-0.81 

Sargent/Berrocal 

6.3-6.5 

0.2-0.82 

Bay 

6.0-6.5 

0.01  -0.33 

East  Bay  Hills 

6.0-6.5 

0.4-0.7" 

Eastern  Coast  Ranges 

6.0-6.5 

0.01 -0.35 

Diablo  Range 

6.0-6.5 

0.01 -0.35 

Livermore  Valley 

6.0-6.5 

0.01-0.35 

1Coppersmith  (1979),  Hall  and  others  (1991)       "Wakabayashi  and  others  (1992) 
2Hall  and  others  (1991),  M.L.  Angell  (per.  com.)  5Analogy  with  other  zones. 
3M.L  Angell  (per.  com.) 


We  compared  the  predicted  earthquake  recurrence  rates  with 
the  observed  seismicity  rates  for  areal  source  zones  (Figure  4). 
The  match  between  the  observed  seismicity  rate  and  that  pre- 
dicted from  crustal  shortening  rates  is  not  as  good  as  that  for 
fault  slip  rate  (Figure  3).  The  choice  between  the  truncated 
exponential  and  the  characteristic  magnitude  recurrence  mod- 
els is  not  clear  cut  because  some  of  the  zones  exhibit  one  type 
of  behavior  and  the  rest  of  the  zones  exhibit  the  other  type  of 
behavior.  One  might  expect  that  an  areal  source  representing  a 
collection  of  faults  having  differing  maximum  magnitudes 
would  produce  an  exponential  form  of  recurrence  relationship. 
However,  if  most  of  the  seismic  moment  release  occurs  on 
faults  that  have  similar  dimensions,  then  the  overall  recurrence 
relationship  for  the  zone  may  exhibit  a  characteristic  model 
shape. 

Combined  Recurrence  Model 

We  compared  the  cumulative  rate  of  seismicity  in  the  Bay 
Area  predicted  by  using  fault  slip  rates  and  crustal  shortening 
rates  to  the  total  observed  rate  for  the  region  (Figure  5).  Predic- 
tions are  shown  for  all  fault-specific  seismicity,  all  off-fault 
seismicity  (areal  source  zones),  and  all  seismicity  combined. 
Again,  predictions  are  shown  for  both  the  truncated  exponential 
and  characteristic  models.  On  a  source-by-source  basis,  the 
exponential  model  greatly  overestimates  the  rates  of  small  to 
intermediate  size  earthquakes,  while  the  characteristic  model 
provides  a  good  estimate  of  the  overall  rate  of  seismicity.  When 
the  characteristic  model  is  applied  to  a  collection  of  sources 
having  various  maximum  magnitudes  the  resulting  aggregate 
recurrence  relationship  is  nearly  exponential  (Figure  5).  This  is 
similar  to  the  result  found  for  all  of  California  by  Wesnousky 
(1986)  who  applied  the  more  extreme  maximum  moment  re- 
currence model. 
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i  re  5.  Comparison  of  observed  seismicity  rates  with  earthquake  frequencies  predicted  from  crustal  deformation  rates  by  using  the  exponential, 

t  acteristic,  and  combined  recurrence  models  for  the  Bay  area.  Also  shown  are  the  combined  long  term  average  rates  developed  from  the  individual 

!•  estimated  from  the  results  presented  in  WGCEP  (1990). 


The  good  agreement  between  predictions  based  on  the  char- 
acteristic model  and  the  observed  seismicity  rates  reflects  the 
association  of  most  of  the  seismicity  with  the  major  mapped 
faults  (see  Figure  1).  As  indicated  on  Figure  4,  some  of  the 
areal  source  zones  exhibit  more  of  an  exponential  behavior 
than  do  others.  Accordingly,  both  the  exponential  and  charac- 
teristic models  were  used  in  predicting  seismicity  from  crustal 
shortening  rates  in  the  areal  source  zones,  with  each  model 
given  equal  weight.  Because  the  characteristic  model  provides 
the  best  prediction  of  observed  seismicity  rates  for  the  fault- 


specific  sources  (Figure  3),  it  was  applied  to  these  sources 
with  a  weight  1.0.  The  upper  right-hand  plot  of  Figure  5  com- 
pares the  seismicity  rates  predicted  by  using  this  combined 
model  with  the  observed  rates  for  the  Bay  Area.  As  shown,  the 
prediction  of  the  observed  rate  of  small  to  intermediate-size 
events  is  improved  slightly  over  that  obtained  by  the  purely 
characteristic  model.  The  lower  right-hand  plot  compares  the 
predicted  earthquake  frequencies  from  the  combined  model 
with  the  aggregate  long-term  earthquake  frequencies  estimat- 
ed by  WGCEP  (1990). 
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SUMMARY 

This  seismic  hazard  model  developed  on  the  basis  of  geo- 
logic data  combined  with  generalized  magnitude-frequency 
distributions,  provides  a  good  model  of  the  observed  seismici- 
ty  rate  in  the  Bay  Area.  In  addition,  it  depicts  the  frequency  of 
earthquakes  occurring  on  the  mapped  strike-slip  faults  relative 
to  that  within  the  intervening  crustal  blocks.  The  good  agree- 
ment between  the  model  and  observations  on  a  source-by- 
source  basis  as  well  as  on  a  regional  basis  supports  its  useful- 
ness for  estimating  earthquake  hazards.  The  consistency  be- 
tween the  observed  seismicity  rates  and  the  estimates  of  seis- 
mic moment  release  rates  for  the  fault-specific  sources  and  the 


inter-fault  crustal  blocks  indicates  that  it  is  unlikely  that  a  sig- 
nificant additional  source  of  seismic  hazard  is  unrepresented 
in  the  present  pattern  of  regional  seismicity. 
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Assessing  the  Vulnerability  of  the  Built 
Environment  of  the  East  Bay  to  Earthquake  Hazards 

by  " 
Jeanne  B.  Perkins1 


ABSTRACT 

The  Association  of  Bay  Area  Governments  (ABAG)  has  collected  extensive  data  on  the  location  of  various 
land  uses  and  building  types  in  the  eastern  San  Francisco  Bay  Area.  These  data,  when  analyzed  in  conjunc- 
tion with  information  on  the  potential  scenarios  for  future  Bay  Area  earthquakes,  yield  sobering  results. 

Various  earthquake  scenarios  have  been  analyzed,  including  the  rupturing  of  the  Peninsula  segment  of  the 
San  Andreas  fault,  the  southern  segment  of  the  Hayward  fault,  the  northern  segment  of  the  Hayward  fault, 
and  the  Healdsburg-Rodgers  Creek  fault.  In  addition,  the  "theoretical"  version  of  the  rupturing  of  the  Santa 
Cruz  Mountains  segment  of  the  San  Andreas  fault  was  generated  and  compared  with  the  actual  Loma  Prieta 
earthquake  data  to  test  the  model. 

The  most  general  form  of  information  which  can  be  generated  for  the  built  environment  is  the  area  of  urban 
land  associated  with  various  predicted  earthquake  intensities.  In  general,  industrial  land  is  subject  to  higher 
intensities  than  land  where  schools  and  hospitals  are  located,  which,  in  turn,  is  subject  to  higher  intensities 
than  residential  development.  This  type  of  information  becomes  even  more  useful  when  one  looks  at  specific 
land  uses.  For  example,  the  locations  of  schools  and  hospitals  associated  with  the  highest  intensity  catego- 
ries can  be  pinpointed.  By  looking  specifically  at  industrial  uses,  one  can  help  to  predict  the  locations  most 
susceptible  to  hazardous  materials  releases.  Or  by  looking  at  residential  development,  one  can  estimate  the 
potential  number  of  damaged  and  destroyed  dwelling  units  for  use  in  planning  emergency  shelter  housing. 

The  locations  most  vulnerable  to  damage  vary  greatly  from  one  earthquake  scenario  to  another,  pointing 
out  the  value  of  regional  cooperation  and  local  mutual  aid  agreements.  On  the  other  hand,  certain  locations, 
particularly  those  on  "soft"  Bay  mud,  are  consistently  subject  to  significant  problems  regardless  of  the  specific 
earthquake  scenario  being  examined.  Thus,  it  is  also  useful  to  examine  the  types  of  land  use  currently  on  Bay 
mud  in  various  east  Bay  counties. 

Another  variable  in  the  analysis  is  the  type  of  construction  of  the  buildings  in  each  land  use  category.  A 
building  inventory  can  enable  one  to  develop  damage  estimates.  For  example,  in  a  project  which  ABAG  com- 
pleted in  April  1992,  the  number  of  damaged  and  destroyed  dwelling  units  expected  to  result  in  displaced 
people  was  estimated  for  several  future  earthquakes  (Perkins,  1992).  This  project  was  jointly  funded  by  the 
Red  Cross,  BAREPP,  and  ABAG. 


INTRODUCTION 

Much  effort  has  been  spent  over  the  past  several  years  by 
researchers  in  producing  maps  showing  anticipated  ground 
shaking  or  other  earthquake  hazards  in  the  eastern  San  Fran- 
cisco Bay  Area.  Although  such  maps  are  important,  they  be- 
come most  useful  when  compared  to  either  the  current  or 
some  anticipated  built  environment.  ABAG,  through  its  efforts 


at  mapping  existing  land  uses  and  collecting  data  on  building 
stock,  has  the  capability  to  compare  the  hazard  maps  with 
these  data  on  land  uses  and  buildings. 

Intensity  Mapping 

The  piece  of  information  essential  to  all  of  these  efforts  is  a 
map  of  a  particular  earthquake  hazard.  For  the  past  fifteen 
years,  ABAG  has  been  using  a  model  to  predict  ground  shak- 


1Earthquake  Program  Manager,  Association  of  Bay  Area  Governments  (ABAG),  P.O.  Box  2050,  Oakland,  CA  94604-2050. 


443 


444 


DIVISION  OF  MINES  AND  GEOLOGY 


SP  113 


- 


--'■—'  .••  >::, '■•.:::::■.  -,r:    :'«::,_ 

::        v  f"'.t    : 


San  Francisco  Intensity 

■  A  --  Very  Violent 

S  B  --  Violent 

HI  C  --  Very  Strong 

HH  D  --  Strong 

□  E  --  Weak 

□  <E  --  Negligible 

scale  1:1,000,000 

(  1  inch  =  approximately  16  miles) 

(     1  cm  =  10  km   ) 

Developed  by  the  Association  of  Bay  Area  Governments 

April  1992 


Figure  1 .  Map  of  modeled  ground  shaking  intensity  for  a  magnitude  7.0  earthquake  on  the  Hayward  fault  -  northern  segment. 


ing  intensities  originally  developed  by  scientists  at  the  U.S. 
Geological  Survey  (see  Borcherdt  and  others,  1975).  This 
model  takes  information  on  the  location  of  the  fault  rupture  of 
a  particular  scenario  earthquake  event,  together  with  distance 
from  that  rupture  and  information  on  the  type  of  geologic 
materials  underlying  a  site,  to  estimate  the  particular  intensity 
to  be  anticipated  at  a  site  (Perkins,  1983,  1987).  Although 
scientists  arc  working  to  improve  this  model,  it  is  adequate  for 
performing  a  number  of  different  analyses  about  the  vulnera- 
bility of  the  built  environment  in  the  eastern  San  Francisco 
Bay  Area. 


Rather  than  producing  this  map  on  a  piece  of  paper  manual- 
ly, ABAG  uses  its  in-house  geographic  information  system 
(GIS)  for  the  modeling  effort.  This  GIS  is  called  BASIS— Bay 
Area  Spatial  Information  System.  The  use  of  a  GIS  has  two 
distinct  advantages  over  manual  mapping.  First,  the  computer 
model  can  be  run  on  a  number  of  fault  rupture  segments 
quickly  and  easily.  Thus,  when  the  U.S.  Geological  Survey 
issued  the  report  by  the  WGCEP  (1990)  concerning  the  most 
likely  future  earthquake  events,  the  model  could  be  readily 
modified  to  predict  the  intensities  associated  with  those  sce- 
nario earthquakes.  Second,  the  model  can  be  easily  modified 


1<W2 


PROCEEDINGS  OF  THE  SECOND  CONFERENCE 
ON  EARTHQUAKE  HAZARDS  IN  THE  EASTERN  SAN  FRANCISCO  BAY  AREA 


445 


- 


: 

! 


h  i- 


-'••s;:;:::.  ^c   , 


. 


San  Francisco  Intensity 
■  A  --  Very  Violent 
WM     B  --  Violent 

C  --  Very  Strong 
D  --  Strong 

□  E  --  Weak 

□  <E  -  Negligible 

scale  1:1,000,000 

(  1  inch  =  approximately  16  miles 

(    1  cm  =  10  km  ) 

Developed  by  the  Association  of  Bay  Area  Governments 

April  1992 


■ 


Figure  2.  Map  of  modeled  ground  shaking  intensity  for  a  magnitude  7.0  earthquake  on  the  Hayward  fault  -  southern  segment. 


to  incorporate  changes  in  data  on  the  relative  susceptibility  of 
various  geologic  units  to  ground  shaking,  or  on  the  attenuation 
of  shaking  with  distance  from  the  fault  (including  direction  of 
that  shaking  or  increases  in  shaking  at  critical  distances). 
1  (Note,  however,  that  such  model  changes  have  not  been  made 
since  the  Loma  Prieta  event  due  to  lack  of  funding.)  Finally, 
because  the  result  of  the  model  is  a  map  file,  rather  than  a  map 
on  a  sheet  of  paper,  the  map  file  can  be  used  to  generate  tabu- 
lations against  other  map  files  within  the  GIS,  including  exist- 
ing land  use,  and  data  stored  within  census  tracts  (such  as 
building  stock,  demographic  information  and  housing  infor- 
mation). 


The  resulting  modeled  intensity  maps  for  three  earthquake 
scenarios  affecting  the  eastern  San  Francisco  Bay  Area  are 
shown  (Figures  1-3). 

When  comparing  the  an  intensity  map  created  using  this 
modeling  process  with  the  actual  intensity  map  for  the  Loma 
Prieta  earthquake,  two  conclusions  become  apparent.  First,  the 
intensity  map  produced  by  Stover  and  others  (1990)  at  USGS 
for  the  actual  Loma  Prieta  earthquake  is  more  generalized  than 
the  modeled  intensity  map.  Second,  the  modeled  intensities  in 
San  Francisco  and  Oakland  are  lower  than  the  actual  intensi- 
ties, while  intensities  in  Santa  Clara  County  are  higher  than 
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Figure  3.  Map  of  modeled  ground  shaking  intensity  for  a  magnitude  7.0  earthquake  on  the  San  Andreas  fault  -  peninsula  segment 


actually  experiences,  discrepancies  which  result  in  differences 
in  estimates  of  losses  from  that  earthquake  when  compared  to 
actual  losses.  (Both  intensity  maps  are  included  in  Perkins, 
1992.) 

LAND  USES  ASSOCIATED  WITH 
INTENSITIES  FOR  EACH  SCENARIO 

The  simplest  comparison  of  these  intensity  models  to  the 
built  environment  is  to  existing  land  uses.  The  sophistication 
of  such  comparisons  depends  on  the  accuracy  and  categories 


present  in  the  land  use  map  file.  Thus,  it  is  possible  to  compare 
the  intensities  to  urban  (as  opposed  to  rural)  land,  and,  to  the 
extent  knowledge  is  available  on  categories  within  that  urban 
land,  to  compare  the  intensities  to  subdivisions  of  urban  land, 
such  as  industrial,  service  and  commercial,  and  residential. 
Schools  and  hospitals  are  subdivisions  of  the  service  and  com- 
mercial category.  In  the  case  of  the  intensity  maps  shown 
above,  the  industrial  land  is  most  likely  to  be  exposed  to  high- 
er intensity  shaking,  followed  by  commercial,  and  schools  and 
hospitals,  with  residential  being  subjected  to  the  lowest  inten 
sities  (Tables  1-4). 
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Table  1:  Area  (in  acres)  of  land  uses  subjected  to  various  ground  shaking  intensitites  for  the  modeled  Loma  Prieta  earthquake. 


SCENARIO 

Intensity 

A 

B 

C 

D 

E 

<E 

Industrial 

# 
% 

0 
0 

27 
~0 

7671 
12.8 

27012 
45.1 

15760 
26.3 

9374 
15.7 

Commercial* 

# 
% 

0 
0 

25 

~0 

4171 
6.5 

18030 
28.1 

23732 
37.0 

18144 
28.3 

Schools  and 
Hospitals 

# 
% 

5 
0 

15 
0.1 

1364 
4.6 

7074 
23.8 

10975 
36.9 

10309 
34.7 

Residential 

# 
% 

524 
0.1 

338 
0.1 

17076 
4.0 

89055 
21.0 

136772 
32.3 

180047 
42.5 

*Does  not  include  schools  or  hospitals. 

Table  2.  Area  (in  acres)  of  land  uses  subjected  to  various  ground  shaking  intensities  for  the  modeled  San  Andreas-Peninsula  earthquake. 


SCENARIO 

Intensity 

A 

B 

C 

D 

E 

<E 

Industrial                                                 # 

% 

10 
~0 

1050 
1.8 

24200 
40.4 

15168 
25.3 

10402 
17.4 

9018 
15.1 

Commercial*                                           # 

% 

102 
0.2 

769 
1.2 

10774 
16.8 

20312 
31.7 

18590 
29.0 

13550 
21.1 

Schools  and                                              # 
Hospitals                                                  % 

27 
0.1 

68 

0.2 

3346 
11.3 

10088 
33.9 

8984 
30.2 

7233 
24.3 

Residential                                              # 

% 

1078 
0.3 

1772 
0.4 

40965 
9.7 

119285 
28.1 

116435 
27.5 

144283 
34.0 

*Does  not  include  schools  or  hospitals. 

Table  3.  Area  (in  acres)  of  land  uses  subjected  to  various  ground  shaking  intensities  for  the  modeled  Hayward-Northern 
Segment  earthquake. 


SCENARIO 

Intensity 

A 

B 

C 

D 

E 

<E 

Industrial                                                   # 

% 

3876 
6.5 

12698 
21.2 

6002 
10.0 

21676 
36.2 

13078 
21.9 

2514 
4.2 

Commercial*                                             # 

% 

1238 
1.9 

5222 
8.2 

6940 
10.8 

21846 
34.1 

21739 
33.9 

7079 
11.0 

Schools  and                                            # 
Hospitals                                                  % 

940 
3.2 

1800 
6.1 

2133 
7.2 

8150 
27.4 

12967 
43.6 

3732 
12.6 

Residential                                              # 

% 

7030 
1.7 

17355 

4.1 

32753 

7.7 

1 09359 
25.8 

171014 
40.4 

86280 
20.4 

*Does  not  include  schools  or  hospitals. 
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Table  4.  Area  (in  acres)  of  land  uses  subjected  to  various  ground  shaking  intensities  for  the  modeled  Hayward-Southern 
Segment  earthquake. 


SCENARIO 

Intensity 

A 

B 

C 

D 

E 

<E 

Industrial 

# 

992 

6812 

27782 

9735 

8566 

5968 

% 

1.7 

11.4 

46.4 

16.3 

14.3 

10.0 

Commercial* 

# 

1770 

4968 

13789 

15350 

19471 

8726 

% 

2.8 

7.8 

21.5 

24.0 

30.4 

13.6 

Schools  and 

# 

418 

2287 

4962 

6180 

10854 

5017 

Hospitals 

% 

1.4 

7.7 

16.7 

20.8 

36.5 

16.9 

Residential 

# 

6942 

21016 

58486 

89594 

138487 

109464 

% 

1.6 

5.0 

13.8 

21.1 

32.7 

25.8 

*Does  not  include  schools  or  hospitals. 


BUILDING  OR  CONSTRUCTION  TYPES 

ASSOCIATED  WITH  LAND  USE/ 

INTENSITY  COMBINATIONS 

Building  construction  type  can  be  related  to  anticipated  loss- 
es in  future  earthquakes.  Several  sources  of  matrices  relating 
these  construction  types  to  losses  for  given  scenarios  have 
been  published  by  others,  including  the  Applied  Technology 
Council  (see  ATC,  1985),  the  U.  S.  Geological  Survey  (see, 
for  example,  Steinbrugge  and  Algermissen,  1990),  and  the 
Southern  California  Earthquake  Preparedness  Project-SCEPP 
(see  Dunne  and  Sonnenfeld,  1991). 

In  a  project  funded  by  the  American  Red  Cross  NCERPP, 
BAREPP  and  ABAG,  such  models  and  matrices  are  being 
used  to  predict  the  number  of  red-tagged  housing  units  in  fu- 


ture Bay  Area  earthquakes.  (See  ATC,  .1991  for  a  definition  of 
"red-tagging.")  This  modeling  process  uses  the  intensity  mod- 
els previously  described,  as  well  as  ABAG's  land  use  file  (for 
the  location  of  residential  land)  and  an  inventory  of  residential 
building  stock  (Perkins  and  Moreland,  1986),  together  with 
the  housing  loss  matrices  based  on  those  developed  by  Dunne 
and  Sonnenfeld  (1991),  to  make  these  predictions.  The  results 
of  this  process,  together  with  the  actual  and  predicted  losses  in  i 
the  Loma  Prieta  earthquake,  are  provided  in  table  5  for  three 
counties  in  the  eastern  Bay  Area:  Santa  Clara,  Alameda  and 
Contra  Costa. 

Complete  results  for  all  nine  Bay  Area  counties  and  two 
additional  earthquake  scenarios  (the  combined  Hayward  and 
the  Healdsburg-Rodgers  Creek)  are  available  from  ABAG 
(Perkins,  1992). 


Table  5.   Estimated  number  of  uninhabitabhle  (or  "red-tagged")  dwelling  units  in  various  earthquake  scenarios. 


SCENARIO 

ALAMEDA 

CONTRA  COSTA 

SANTA  CLARA 

Actual  Loma  Prieta 
Predicted  Loma  Prieta 

1,369 

417 

0 

4 

407 
1,293 

Penisula  Segment 
San  Andreas 

625 

44 

1,769 

Southern  Segment 
Hayward 

1 7,075 

102 

6,951 

Northern  Segment 
Hayward 

23,413 

6,201 

^ — — — ^^— ^^^— 
105 

1992 
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Computer  Software  for  Predicting  Ground  Motion 
from  Earthquakes  in  the  East  Bay 

by 
Jack  F.  Evernden1 


ABSTRACT 

This  paper  discusses  computer  codes  and  data  bases  I  have  prepared  for  predicting  earthquake 
shaking  intensity,  maximum  acceleration,  maximum  velocity,  and  expected  losses  to  wood-frame  and 
unreinforced  concrete  buildings.  As  presently  written  these  codes  (collectively  called  QUAKPLOT) 
apply  only  to  California.  At  the  request  of  prospective  users,  I  would  be  pleased  to  make  the  neces- 
sary minor  modifications  that  would  make  the  codes  applicable  anywhere  in  the  world. 


INTRODUCTION 

The  computer  programs  and  databases  discussed  in  this 
paper  provide  the  detailed  capability  to  predict  seismic  intensi- 
ty and  to  characterize  ground  motion  resulting  from  earth- 
quakes in  California.  I  continue  to  stress  that  the  intensity 
values  predicted  by  these  programs  are  only  for  shaking  as- 
pects of  intensities.  At  present,  the  susceptibility  to  liquefac- 
tion or  other  modes  of  ground  failure  is  generally  not  under- 
stood well  enough  for  me  to  construct  maps  predicting  their 
relationship  to  shaking  intensity.  Ground  failure,  of  course, 
correlates  roughly  with  surficial  ground  condition,  water  satu- 
ration, and  slope.  If  these  are  known  in  detail,  then  the  predict- 
ed intensity  can  be  used  as  essential  element  in  predicting 
failure  during  specific  earthquakes. 

This  paper  discusses  the  four  major  elements  of  the  model 
on  which  the  software  is  based: 

1.  Microzonation  for  ground  condition.  Seismic  response  is 
expressed  in  units  of  relative  intensity. 

2.  Zonation  for  regional  attenuation:  Regional  attenuation  of 
relevant  wave  types  and  frequencies  is  highly  variable  over 
the  earth  and  of  great  importance.  Attenuation  must  be 
specified  throughout  the  area  over  which  relevant  earth- 
quake energy  passes. 

3.  Source  model:  Radiation  model  for  the  seismic  source.  The 
software  predicts  microzoned  seismic  intensity  from  the 
three  elements  above.  In  addition,  it  predicts: 


4.  Microzonation  of  seismic  strong-motion  parameters.  The 
software  correlates  seismic  strong  motion  parameters  with 
microzoned  intensity,  thus  achieving  microzonation  of 
maximum  acceleration,  maximum  velocity,  and  relative 
damage  to  structures. 

QUAKPLOT  can  be  modified  for  any  scale  of  microzona- 
tion desired  and  for  any  area  of  interest.  This  modified  pro- 
gram is  available  on  request.  Instructions  for  its  use  and  imple- 
mentation are  included  with  the  program. 

RELATIVE  SEISMIC  RESPONSE 

As  presently  used,  this  is  a  single  quantity  that  expresses 
relative  amplitudes  of  ground  motion  on  different  geological 
formations  for  a  given  input  signal  from  depth,  and  is  based  on 
information  acquired  via  empirical  investigations  (Borcherdt, 
1970).  The  scaling  for  depth  of  water  table  in  alluvium  was 
not  available  from  Borcherdt 's  data,  so  it  was  generated  using 
observations  in  California  and  the  data  of  Medvedev  (1960). 
The  successful  prediction  of  intensity  is  severely  limited  by 
the  adequacy  of  the  data  correlating  intensity  levels  with  the 
structural  types  that  actually  exist  in  a  shaken  area.  For  exam- 
ple, when  I  investigated  the  historical  intensity  maps  of  China, 
I  found  most  were  totally  useless  for  interpretive  purposes 
(Evernden,  1983). 

The  only  internally  consistent  and  interpretable  maps  were 
those  carefully  evaluated  and  reinterpreted  in  recent  years.  An 
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effort  had  been  made  to  establish  damage  factors  for  the  variet- 
ies of  Chinese  structures  which  would  be  commensurate 
with  damage  levels  for  the  structural  types  used  in  the  origi- 
nal definition  of  Modified  Mercalli  Intensity  (MMI)  units. 
Unfortunately,  major  changes  in  construction  practice  in 
California  and  elsewhere  in  recent  years  have  led  to  "ob- 
served intensity  maps"  that  are  simply  uninterpretable  by 
present  definitions  of  MMI  units. 

The  problem  is  that  modern  wood-frame  homes  in  Califor- 
nia are  built  to  the  letter  and  spirit  of  State  codes  and  do  not 
suffer  the  types  of  damage  required  to  meet  the  early  defini- 
tions of  high  shaking  intensity.  Thus,  it  is  nearly  impossible 
to  observe  shaking  intensities  of  IX  in  California  nowadays. 
Modern  construction  practice  for  wood-frame  structures 
prevents  failure  modes  due  to  shaking  that  characterize  ac- 
cepted definitions  of  shaking  intensity  IX  and  X.  Of  course, 
old  structures  still  fail  as  expected  and  buildings  still  get 
built  that,  for  one  reason  or  another,  do  not  meet  code  or  are 
not  adequately  covered  by  code.  MMI  must  be  redefined  in 
terms  of  structural  types  actually  at  risk  or  only  increasing 
confusion  will  result  (Evernden  and  Thomson,  1988). 

When  making  predictions  for  areas  other  than  California,  I 
attempt  to  correlate  geologic  units  in  these  areas  with  those 
in  California.  I  advise  anyone  who  wishes  to  use  QUAK- 
PLOT  in  other  areas  to  conduct  the  requisite  investigations 
on  the  various  ground  conditions  of  the  region  of  interest. 
The  only  requirements  are  field  deployable  seismometers 
and  local  to  regional  small  earthquakes. 

Evernden  and  others  (1975)  pointed  out  that  all  earth- 
quake-related ground  motions  not  involving  ground  failure 
are  quantitatively  interpretable  as  small  amplitude  elastic 
motion.  This  observation  is  still  consistent  with  available 
strong  motion  data  from  large  California  earthquakes.  In  the 
San  Francisco  Bay  Area  relative  seismic  intensity  values 
were  determined  initially  from  measurements  of  very  low 
amplitude  waves  from  nuclear  explosions  near  Las  Vegas, 
Nevada.  These  same  values  subsequently  were  used  success- 
fully in  predicting  strong  motion  values,  as  well  as  intensi- 
ties, for  several  earthquakes. 

REGIONAL  ATTENUATION 

The  variations  in  attenuation  of  damage-relevant  seismic 
phases  and  frequencies  is  so  extreme  that  many  early  con- 
cepts about  the  physical  size  of  earthquakes  and  expectable 
damage  levels  in  relation  to  energy  released  have  been 
abandoned  or  grossly  revised.  Evernden  (1975;  Evernden 
and  others,  1981)  demonstrated  that  the  New  Madrid  Earth- 
quakes of  181 1-1812  were  caused  by  fault  rupture  lengths 
of  just  three  kilometers  or  so  and  had  energy  releases  com- 
parable to  those  of  a  3-km  rupture  in  California.  The  in- 
credible differences  in  the  felt  areas  of  these  earthquakes 
arc  explained  by  the  differing  attenuation  factors  in  the  two 


regions.  The  differing  attenuation  factors  are  not  a  function 
of  the  properties  of  the  surficial  or  shallow  rocks  (these  are 
similar  in  both  areas),  but  rather  of  the  elastic/anelastic 
properties  of  the  full  earth's  crust  in  each  region. 

The  pattern  of  seismic  attenuation  throughout  a  region, 
large  or  small,  is  determined  by  study  of  the  isoseismal 
maps  of  historical  earthquakes  in  the  area.  The  maps  must, 
of  course,  be  carefully  drawn  against  definitions  of  intensi- 
ty that  apply  to  the  built  environment  in  the  area  of  study. 
The  critical  information  in  these  maps  is  the  spacing  of 
isoseismal  lines  on  uniform  ground  condition  in  areas 
somewhat  removed  from  the  epicentral  area.  This  mitigates 
the  effect  of  depth  of  the  earthquake  source  on  the  spacing 
of  the  isoseismals.  The  greater  the  spacing  is,  the  lower  the 
attenuation  must  be. 

I  consider  two  factors  most  important  in  making  interpre- 
tations about  attenuation.  The  first  is  that  intensities  of  less 
than  IV  are  useless.  The  lowest  isoseismal  boundary  of  use 
will  be  the  III/IV  boundary. 

The  second  factor  involves  accounting  for  the  actual  vari- 
ations in  ground  condition  present  in  any  area  but  never 
considered  in  the  drawing  of  isoseismal  maps.  Note  above 
that  I  said  the  requirement  is  to  determine  the  isoseismal 
spacing  on  uniform  ground  condition.  How  does  one  deter- 
mine this  when  most  intensity  maps  (all  I  have  ever  seen) 
are  drawn  without  any  concern  for  ground  condition? 
Some  grotesque  anomalies  appear  on  such  maps  because  of 
this  neglect.  The  interpretation  I  use  for  intensity  maps  is 
that  the  furthest  mapped  extent  of  an  intensity  boundary 
expresses  its  extent  on  saturated  alluvium. 

However,  do  not  think  that  you  always  can  find  an  attenu- 
ation model  to  fit  poor  data.  Some  published  isoseismal 
maps  are  so  poorly  drawn  that  no  interpretation  is  possible. 
Faith  in  interpretations  grows  as  you  do  several  quakes 
from  the  same  region  and  always  find  the  same  attenuation 
values. 

An  important  conclusion  of  investigations  of  attenuation 
of  intensity-relevant  seismic  phases  (a  conclusion  consis- 
tent with  theoretical  investigations)  is  that  propagation  of 
these  phases  (largely  Sg)  is  a  full  crustal  phenomenon  with 
little  or  no  relation  to  shallow  surficial  geology.  Thus,  the 
attenuation  observed  shows  no  relation  to  details  of  surfi- 
cial geology.  Geologic  units  are  of  relevance  only  in  dictat- 
ing the  amplitude  of  surficial  motion  developed  at  a  site  in 
response  to  the  delivery  of  energy  from  depth.  A  model 
that  successfully  predicts  attenuation  as  well  as  relative 
response  of  different  rock  types  therefore  needs  only  to 
incorporate  a  regional  parameter  for  attenuation  and  indi- 
vidual corrections  for  each  surficial  geological  unit. 

The  attenuation  law  for  a  large  region  such  as  China  or 
the  USA  is,  of  course,  regionally  dependent.  We  have  ana- 
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lyzed  seismic  attenuation  throughout  the  conterminous 
USA  and  published  a  map  of  determined  attenuation  values 
for  the  various  regions  (Evernden  and  others,  1981).  A 
version  of  our  codes  applicable  to  the  entire  USA  on  a  25 
km  x  25  km  grid  is  available  on  request.  For  the  present 
area  of  interest  (eastern  San  Francisco  Bay  Area),  a  single 
value  of  attenuation  suffices  and  is  set  within  the  soft- 
ware. 

SOURCE  MODEL 

The  energy  of  an  earthquake  is,  of  course,  derived  from 
volume  release  of  pre-stress.  Nevertheless,  it  is  convenient 
and  adequate  to  assume  a  line  source  at  an  assigned  pseu- 
do-depth. The  energy  law  used  in  the  software  is  that  of 
Gutenberg  (Richter,  1958)  with  energy  release  being  linked 
to  length  of  rupture,  not  to  magnitude.  This  point  is  dis- 
cussed in  Evernden  and  Thomson  (1985)  in  some  detail. 
The  programs  routinely  assume  uniform  distribution  of 
energy  release  along  the  fault  at  a  uniform  rate  of  rupture  at 
approximately  shear  wave  velocity  in  the  surrounding 
rocks.  Rupture  approaching  shear  wave  velocity  along  the 
full  length  of  fault  movement  produces  the  source  spectrum 
typical  of  most  crustal  earthquakes.  Slow  rupture  velocities 
can  lead  to  marked  reduction  of  intensity-relevant  energy 
(Evernden  and  Thomson,  1985,  1988;  Evernden  and  others, 
1981).  The  proper  way  to  think  about  our  "conventional 
continental  earthquakes"  is  that  they  are  the  high  speed 
member  of  a  failure  process  that  ranges  from  stable  very 
low  speed  sliding  through  episodic  slow  creep  events  and 
slow  earthquakes  (those  radiating  detectable  seismic  waves 
only  at  long  periods)  through  failure  events  of  variable 
rupture  velocity  to  events  which  fail  at  nearly  shear  wave 
velocity  throughout  their  entire  length.  Nearly  all  move- 
ment in  subduction  zones  is  characterized  by  no  radiation 
of  seismic  energy,  i.e.,  by  simple  sliding  at  very  low  veloc- 
ity. The  basis  for  such  faulting  behavior  is  water  pressure 
i  in  the  failure  zone  being  at  load  pressure.  This  is  the  same 
phenomenon  that  leads  to  nearly  aseismic  sliding  along  the 
central  San  Andreas  Fault. 

The  model  for  California,  with  its  potentially  long  rup- 
i  tures,  explicitly  takes  account  of  signal  persistence.  It  cal- 
culates intensity  based  on  energy  arriving  at  a  site  5  sec- 
onds either  side  of  the  arrival  having  the  shortest  distance 
to  travel  from  the  rupture.  The  insertion  of  this  detail  in  the 
model  achieved  accurate  prediction  of  intensity  patterns  for 
earthquakes  between  M5.5  and  M8.3  with  rupture  lengths 

I  between  5  to  400+  kilometers. 
The  model  requires  the  user  to  enter  a  'depth'  term 
which  is  handled  within  the  program  as  a  "pseudo-depth". 
The  value  found  appropriate  for  most  earthquakes  (even 
eastern  USA  earthquakes)  is  a  pseudo-depth  of  25  km.  This 
is  equivalent  to  an  actual  depth  of  about  15  km.  For  earth- 
quakes on  strike-slip  faults,  the  line  source  is  placed  along 


the  surface  trace  of  the  fault,  if  there  is  one.  This  has  never 
been  the  case  in  eastern  USA.  For  earthquakes  there,  the 
short  line  source  is  placed  at  the  'epicenter,'  and  a  pseudo- 
depth  value  of  25  km  is  used  unless  there  is  reason  to  use 
something  else.  See  discussion  of  the  1949  Seattle  earth- 
quake and  sensitivity  of  near-field  isoseismal  pattern  to 
depth  of  focus  in  Evernden  and  Thomson  (1985).  Finally, 
in  order  to  model  the  unusually  high  near-field  intensities 
of  the  1971  San  Fernando  earthquake,  I  had  to  decrease  the 
pseudo-depth  value  to  20  km.  So,  I  suggest  modeling  the 
source  for  quakes  on  thrust  faults  as  a  line  source  moved 
some  kilometers  in  the  downdip  direction  from  the  surface 
trace  at  a  pseudo-depth  value  of  20  km.  Such  modeling  of 
the  1989  Loma  Prieta  earthquake  helps  predict  the  very 
high  levels  of  ground  motion  observed  above  that  earth- 
quake. 

The  model  as  presently  constituted  predicts  the  shaking 
aspects  of  ground  response  or  intensity,  not  ground  failure. 
The  model,  however,  could  be  used  to  predict  liquefaction 
if  all  areas  of  saturated  alluvium  have  been  characterized 
for  liquefaction  potential  as  a  function  of  intensity  or  other 
ground  motion  parameter.  At  present,  I  do  not  have  such 
data.  So  the  program  merely  predicts  shaking  and  leaves  it 
to  the  user  to  determine  the  liquefaction  characteristics  of 
sites  of  importance. 

The  mathematical  details  of  the  model  can  be  found  in 
the  cited  papers  by  Evernden  and  co-authors.  Amplification 
of  ground  motion  resulting  from  topographic  focusing  is 
not  included  in  the  model. 

PREDICTION  OF  STRONG 
GROUND  MOTION 

The  programs  described  here  are  capable  of  producing 
maps  of  maximum  acceleration,  maximum  velocity,  maxi- 
mum displacement,  and  damage  for  wood-frame  houses 
built  before  and  after  1940  and  unreinforced  commercial 
and  residential  buildings.  Other  capabilities  (RMS  band- 
limited  acceleration,  for  example)  can  be  added  easily  if 
some  users  desire  it.  A  version  of  the  program  is  available 
which  allows  prediction  of  all  of  the  ground  motion  param- 
eters figured  in  Evernden  and  Thomson  (1985).  This  pro- 
duces ASCII  files  usable  for  further  analysis. 

I  now  explain  why  reasonable  predictions  of  ground- 
motion  may  result  from  the  intensity  prediction  model. 
Evernden  and  Thomson  (1985;  1988)  reported  on  the  corre- 
lations of  Rossi  Forel  Intensities  (RFI)  and  MMl  with  nu- 
merous ground  motion  parameters  derived  from  the  strong 
motion  data  of  the  1971  San  Fernando  earthquake.  Three 
statistical  fits  to  the  data  were  shown.  Although  the  least 
squares  correlation  was  severely  asymmetric,  a  reasonable 
fit  was  produced  by  minimizing  the  sum  of  the  perpendicu- 
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Figure  1.  Maximum  velocity  versus  maximum  acceleration  for  the  1989  Loma  Prieta,  1979  Imperial  Valley,  and  1968  Chili  earthquakes 
plotted  on  the  statistical  fit  for  the  1972  San  Fernando  earthquake  (modified  from  Evernden  and  Thomson,  1985).  Squares  =  Loma 
Prieta  1989;  circles  =  Imperial  Valley  1979;  triangles  =  Chili  1968. 
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Figure  2  Maximum  acceleration  versus  predicted  RFI  for  the  1989  Loma  Prieta  earthquake  compared  with  the 
MPD  fit  for  the  1971  San  Fernando  earthquake.  Data  include  all  stations  except  those  in  the  East  Bay. 
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Figure  3.  Maximum  acceleration  versus  predicted  RFI  for  the  1989  Loma  Prieta  earthquake  compared  with  the  MPD 
fit  for  the  1971  San  Fernando  earthquake.  Data  include  only  the  stations  in  the  East  Bay. 


lar  distances  (MPD)  of  all  data  from  the  best  fit  relation- 
ship. Clearly,  maximum  velocity/maximum  acceleration 
ratios  were  independent  of  ground  conditions. 

Extensive  strong  motion  data  are  available  for  the  1979 
Imperial  Valley  and  the  1989  Loma  Prieta  earthquakes  - 

,  earthquakes  within  the  same  geotectonic  region  as  the  San 
Fernando  earthquake  (Figure  1).  They  display  the  same 
maximum  velocity  versus  maximum  acceleration  relation- 
ship as  data  from  the  San  Fernando  earthquake  shown  as 
the  middle  line  on  the  figure.  When  the  data  were  keyed  for 
site  ground  condition,  they  showed  no  dependence  on  rock 
type.  Plots  of  RFI  versus  maximum  acceleration  and  RFI 
versus  maximum  velocity  also  show  no  dependence  on  site 
ground  condition  for  any  of  the  three  earthquakes.  Further- 
more, they  all  obey  the  same  functional  MPD  relationships 
between  intensity  and  ground  motion  given  in  Evernden  and 

i  Thomson  (1985)  for  the  San  Fernando  earthquake.  Although 
Italy,  Mexico  and  Chile  have  attenuation  coefficients  unlike 
those  of  western  California,  strong  motion  data  from  those 
countries  display  intensity  versus  maximum  velocity  MPD 


relationships  identical  to  those  from  the  San  Fernando  earth- 
quake. Therefore,  it  seems  reasonable  to  include  the  ground 
motion  calculations  for  maximum  acceleration  versus  RFI  and 
maximum  velocity  versus  RFI  as  a  general  aspect  of  'QUAK- 
PLOT'. 

As  expected,  high  maximum  accelerations  generally  pro- 
duced high  RFI  values  as  a  result  of  the  Loma  Prieta  earth- 
quake (Figure  2).  Except  for  the  sites  on  Franciscan  rocks  (Jf), 
the  data  are  in  agreement  with  the  San  Fernando  MPD  rela- 
tionship, although  the  stress  drop  had  to  be  increased  to  1.3 
times  the  value  for  normal  earthquakes  in  California  to  explain 
the  intensity  data.  All  except  one  of  the  Jf  values  with  low  RFI 
are  in  San  Francisco,  and  nearly  all  are  on  topographic  highs. 

The  Jf  value  at  RFI  VII  is  also  atop  a  hill.  There  is  a  world- 
wide tendency  for  ground  motion  to  be  excessive  on  topo- 
graphic highs.  Some  have  argued  that  the  high  values  of  accel- 
eration on  the  Jf  in  San  Francisco  during  the  Loma  Prieta 
earthquake  resulted  from  the  Sg  cusp  at  that  phases's  critical 
distance.  I  think  such  an  exotic  argument  is  unnecessary.  Ob- 
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served  values  of  ground  motion  for  that  earthquake  can  be 
explained  easily  by  conventional  factors:  the  abnormal  stress 
drop  which  is  required  to  explain  intensity  data  at  all  ranges 
(including  the  range  of  the  cusp)  and  the  fact  that  San  Fran- 
cisco is  along  the  extension  of  the  rupture.  These  two  factors 
also  explain  the  recorded  maximum  acceleration  on  Treasure 
Island — a  site  at  the  same  Sg  range  as  the  Marina. 

The  ground  failure  at  the  Marina  in  San  Francisco  occurred 
in  non-engineered  filled  ground  that  was  incredibly  sensitive 
to  liquefaction.  Even  the  adjacent  natural  beach  deposits 
were  less  sensitive  than  the  fill  at  the  Marina.  Bay  mud  at  the 
south  end  of  San  Francisco  Bay  had  accelerations  and  veloc- 
ities at  least  twice  anything  in  the  so  called  "Sg  cusp"  at  the 
Marina,  but  the  mud  experienced  no  evidence  of  liquefaction 
or  settlement.  Carefully  engineered  ground  at  Foster  City 
experienced  maximum  ground  motion  about  a  third  of  that 
on  surrounding  natural  deposits  (.12  g  versus  .33  g).  Ground 
failure  at  the  Marina  is  best  explained  as  the  result  of  lique- 
faction, not  the  result  of  a  fortuitous  and  exotic  process  in- 
volving an  Sg  cusp. 

Although  the  Loma  Prieta  earthquake  produced  maximum 
accelerations  that  were  higher  than  normal  in  the  East  Bay, 
the  intensities  were  lower  than  normal  (Figure  3).  The  high 
accelerations  on  bay  muds  have  been  used  to  support  the  Sg 
cusp  argument  because  some  were  at  the  same  distance  from 
the  epicenter  as  the  Marina.  However,  the  East  Bay  stations 
were  at  widely  varying  ranges  and  on  widely  varying  rock 
types  and  still  had  accelerations  twice  those  observed  on  the 
west  side  of  the  Bay  (compare  Figures.  2  and  3).  No  resort  to 
an  Sg  cusp  can  explain  these  data.  These  abnormal  ampli- 
tudes are  in  agreement  with  the  inordinately  high  local  mag- 
nitude reported  by  the  UC  Berkeley  for  this  earthquake  (ML 
measured  at  1.8  seconds  in  Sg). 


The  Loma  Prieta  data  indicate  that  an  earthquake  which  is 
abnormal  in  its  source  mechanism  may  generate  two  to  three 
times  the  normal  ground  motion.  Nevertheless,  the  normal 
model  has  successfully  predicted  the  RF1  and  MMI  values  for 
nearly  all  important  earthquakes  in  the  USA  [San  Francisco 
(1906),  San  Fernando  (1971),  Imperial  Valley  (1949  and 
1979),  Long  Beach  (1933),  New  Madrid  (1811),  and  Charles- 
ton (1897)],  as  well  as  several  in  Italy  and  China. 

AVAILABILITY  OF  THE  PREDICTION 
SOFTWARE 

This  ground-motion  prediction  software  was  demonstrated 
at  the  Second  Conference  on  Earthquake  Hazards  in  the  Eax- 
tern  San  Francisco  Bay  Area.  Products  that  were  presented 
included  on-screen  map  displays  of  predicted  earthquake 
shaking  intensity  and  damage  zonation.  Predictions  were  dem- 
onstrated for  potential  earthquakes  which  would  be  of  serious 
concern  to  residents  of  the  East  Bay,  such  as  magnitude  7 
earthquakes  on  the  northern  and  southern  segments  of  the 
Hayward  fault,  the  San  Francisco  Peninsula  segment  of  the 
San  Andreas  fault,  and  the  Rodgers  Creek  fault  in  the  North 
Bay  area. 

The  IBM-compatible  software  codes  and  input  data  files  are 
available  on  request  from  me  at  no  charge.  Just  mail  me  two 
3  '/:"  double-sided  high  density  disks  (2S2D  disks  are  inade- 
quate). Additional  programs  not  discussed  here  are  on  the 
diskettes  along  with  descriptions  of  the  programs  and  an  ex- 
panded version  of  this  paper.  All  queries  about  the  availability 
of  QUAKPLOT  and  the  several  other  programs  and  data  sets 
are  welcome.  I  can  be  reached  via  telephone  (303-273-8410), 
fax  (303-273-8450),  or  mail. 
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Planning  Scenario  for  a  Major  Earthquake 
on  the  Hayward  Fault 


by 
Tousson  R.  Toppozada1,  Glenn  Borchardt2, 
Claudia  L.  Hallstrom1,  and  Les  G.  Youngs1 


ABSTRACT 

The  Hayward  fault  was  the  source  of  the  destructive  1868  earthquake.  The  M6.8  estimated  for  the 
1868  event  by  Toppozada  and  others  (1981)  now  appears  to  be  low  in  light  of  the  Bay  area  earthquakes 
that  have  occurred  since  1 981 .  Comparisons  of  the  isoseismals  of  the  1 868  event  to  those  of  the  1 984 
Morgan  Hill  and  1989  Loma  Prieta  events  give  estimates  averaging  about  M7.2  for  the  1868  event.  The 
recurrence  on  the  Hayward  fault  of  an  earthquake  of  that  size  or  larger  would  be  destructive  to  the 
present-day  infrastructure  throughout  the  metropolitan  Bay  area.  To  increase  public  awareness  of  this 
threat  and  assist  emergency  response  and  preparedness  activities,  the  Division  of  Mines  and  Geology  in 
1987  published  a  scenario  of  the  plausible  effects  of  such  an  event .  A  summary  also  appeared  in  Califor- 
nia Geology  in  1986. 

The  scenario  assumes  rupture  of  the  entire  Hayward  fault  from  Point  Pinole  to  east  of  San  Jose.  This 
60-mile  (100-km)  source  would  produce  an  event  with  a  magnitude  of  about  7.5  and  displacements  aver- 
aging about  5  feet.  An  isoseismal  map  was  generated  and  was  corrected  for  the  effects  of  the  geologic 
substrate.  Potentially  destructive  shaking  of  Modified  Mercalli  Intensity  (MMI)  IX  encompasses  an  area  of 
some  5  miles  (8  km)  in  width  generally  west  of  the  fault,  including  the  urban  East  Bay  from  San  Pablo  to 
east  San  Jose.  Damaging  shaking  of  MMI  VIM  extends  to  San  Francisco,  the  North  Bay  counties,  Liver- 
more,  and  the  Santa  Clara  Valley.  Secondary  ground  failures  will  occur  on  filled  ground  around  the  Bay 
margins.  These  movements  will  damage  various  structures  and  lifeline  facilities,  notably  highways,  air- 
ports, railroads,  ports,  and  utility  networks.  While  no  scenario  will  prove  accurate  in  detail,  it  does  provide 
planners  with  a  regional  pattern  of  the  damage  and  types  of  problems  that  will  confront  emergency  re- 
sponse personnel. 


INTRODUCTION 

The  purpose  of  this  paper  is  to  draw  attention  to  the  threat 
of  a  major  earthquake  on  the  Hayward  fault  to  the  lifeline 
infrastructure  in  the  San  Francisco  Bay  area.  The  paper  is  a 
summary  of  DMG's  planning  scenario  for  a  major  earth- 
quake on  the  Hayward  fault  (Steinbrugge  and  others,  1987). 
A  disclaimer  defining  the  limitations  of  the  scenario  is  at- 
tached to  this  summary.  The  area  affected  by  the  scenario 
earthquake  is  outlined  in  Figure  1. 

The  Hayward  fault  was  the  source  of  the  destructive  21 
October  1868  earthquake.  The  M6.8  estimated  for  the  1868 


event  by  Toppozada  and  others  (1981)  now  appears  to  be 
low  in  light  of  the  Bay  area  earthquakes  that  have  occurred 
since  1981 .  Comparisons  of  the  size  of  the  isoseismals  of  the 
1868  event  (Toppozada  and  others,  1981)  to  those  of  the 
1984  Morgan  Hill  (Stover,  1988)  and  1989  Loma  Prieta 
(Stover  and  others,  1990)  events  give  estimates  averaging 
about  M7.2  for  the  1868  event.  The  recurrence  on  the  Hay- 
ward fault  of  an  earthquake  of  that  size  would  be  destructive 
to  the  present-day  infrastructure  throughout  the  metropolitan 
area.  Photograph  1  illustrates  some  of  the  damage  resulting 
from  the  1868  earthquake. 
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Figure  1 .   Landsat  image  of  the  San  Francisco  Bay  area.  The  magnitude  7.5  scenario  earthquake  results  from  rupture  of  the  entire  100- 
kilometer  (62-mile)  length  of  the  Hayward  fault.  Prolonged  strong  shaking  sufficient  to  cause  significant  structural  damage  (Modified  Mercalli 
intensity  VIM  and  greater)  would  occur  in  the  area  outlined.  Note  that  downtown  San  Francisco  is  about  equidistant  from  the  Hayward  and 
San  Andreas  faults,  and  therefore  vulnerable  to  a  major  earthquake  originating  on  either  fault. 


THE  EARTHQUAKE  THREAT 

The  Hayward  fault  is  a  seismically  active  major  element  of 
the  San  Andreas  fault  system  (Lienkaemper  and  others,  1991). 
The  Hayward  earthquake  of  1868  of  about  M7.2  was  one  of 
the  largest  earthquakes  to  occur  in  California,  causing  wide- 
spread damage  throughout  the  then  sparsely  populated  Bay 
area.  In  1868,  the  fault  was  said  to  have  ruptured  30  miles 
(50  km)  from  Oakland  to  present-day  Fremont,  and  the  maxi- 


mum reported  displacement  was  3  feet.  An  event  of  similar 
magnitude  in  1836  may  have  occurred  on  the  northern  Hay- 
ward fault.  Future  earthquakes  of  comparable  magnitude  on 
the  Hayward  fault  are  a  reasonable  expectation. 

A  large  earthquake  on  either  the  Hayward  or  the  San  An- 
dreas fault  poses  a  major  threat  to  the  entire  Bay  area.  While 
the  effects  of  these  earthquakes  may  differ  from  place  to 
place,  a  major  earthquake  on  the  Hayward  fault  is  not  an 
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Photo  1 .  Courthouse  at  San  Leandro  after  the  Hayward  earthquake  of  October  21 ,  1 868. 


exclusive  East  Bay  concern,  and  a  San  Andreas  event  is  not 
an  exclusive  San  Francisco  concern.  The  threat  to  San  Fran- 
cisco from  the  Hayward  fault  was  recognized  by  Lawson 
(1908,  p.  447):  "The  foot  of  Market  Street,  San  Francisco,  is 
about  midway  between  the  San  Andreas  Rift  and  the  fault 
scarp  upon  which  movement  occurred  in  1868.  The  city  has, 
therefore,  to  reckon  with  the  latter  as  well  as  the  former  in  its 
future  career,  and,  consequently,  should  be  double  prudent  in 
the  location  and  structure  of  its  important  buildings". 

THE  SCENARIO  EARTHQUAKE 

Description 

The  planning  scenario  is  based  on  a  maximum  earthquake 
on  the  Hayward  fault.  The  assumed  characteristics  of  this 
earthquake  are:  M7.5  that  results  from  rupture  of  the  entire 
60-mile  (100-km)  length  of  the  fault  from  San  Pablo  Bay  to 
east  of  San  Jose;  surface  faulting  that  produces  horizontal 


offsets  averaging  5  feet  (maximum  10  feet);  potentially  dam- 
aging shaking  that  continues  for  25-35  seconds  within  20-25 
miles  (32-40  km)  of  the  fault;  frequent  aftershocks  that  contin- 
ue for  many  weeks,  including  events  of  M6  or  larger. 

An  event  of  M7  would  result  from  rupture  along  about  half 
the  length  of  the  fault  (30  miles  [50  km]),  and  has  a  28%  prob- 
ability of  accurring  before  the  year  2020  (WGCEP  1990).  The 
resulting  damage  to  lifelines,  critical  facilities,  local  utility 
distribution  systems,  etc.,  while  not  as  severe,  would  affect 
most  of  the  same  facilities  along  the  ruptured  segment  of  the 
fault. 

PREDICTED  EFFECTS 
Fault  Rupture 

Horizontal  fault  offset  averaging  5  feet  along  the  60  mile 
(100  km)  length  of  the  fault  would  cause  major  damage  to 
structures  located  on  active  fault  traces.  Throughout  most  of 
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its  length,  the  fault  traverses  residential  and  commercial  areas, 
posing  the  threat  of  widespread  damage  to  buildings,  utility 
lifelines  and  distribution  systems,  and  transportation  routes. 

Shaking  Intensity 

The  area  subject  to  shaking  of  MM  I  VIII  (strong  enough  to 
cause  considerable  damage  in  ordinary  substantial  buildings 
and  great  damage  in  poorly  built  structures)  extends  from 
south  of  Petaluma  to  south  of  San  Jose  (Figure  1).  The  area 
encompasses  most  of  eastern  Contra  Costa  County  and  Liver- 
more  Valley  on  the  east,  most  of  the  heavily  populated  greater 
San  Jose  area,  the  communities  along  the  Peninsula  including 
much  of  San  Francisco,  and  the  low-lying  urban  areas  of  bay- 
side  Marin  County. 

Predicted  shaking  of  MMI  IX  (strong  enough  to  cause  con- 
siderable damage  in  specially  designed  structures;  great  dam- 
age in  substantial  buildings  with  partial  collapse;  buildings 
shifted  off  foundations)  encompasses  an  area  of  some  5  miles 
(8  km)  in  width  lying  generally  west  of  the  Hay  ward  fault, 
including  virtually  all  the  developed  urban  area  of  the  East 
Bay  from  San  Pablo  southeast  to  and  including  the  eastern 
half  of  San  Jose. 

Intensities  greater  than  MMI  IX  could  occur  along  the  zone 
of  surface  rupture  and  in  those  areas  having  a  high  potential 
for  ground  failure  around  the  Bay  margins. 

Ground  Failures 

Secondary  ground  failures  (notably  differential  settlements 
and  shifting  of  the  land  surface  due  to  liquefaction)  will  be 
common,  particularly  on  filled  ground  around  the  Bay  mar- 
gins. These  movements  will  damage  various  major  structures 
and  lifeline  facilities,  notably  highways,  railroads,  airport  run- 
ways, port  facilities,  and  some  utility  pipelines.  Seismically 
induced  landslides  pose  an  additional  threat,  particularly  in  the 
East  Bay  hills,  with  the  probability  of  failure  being  highest  in 
the  rainy  season. 

THE  EARTHQUAKE  IMPACT 

Hospitals  near  the  Fault 

Eight  of  the  26  general  acute  care  hospitals  in  Alameda  and 
Contra  Costa  counties  are  located  within  one  mile  of  the  Hay- 
ward  fault.  This  represents  a  bed  capacity  of  2,300  of  a  total  of 
6,200  available  in  these  major  facilities  (about  35  percent). 
Almost  all  buildings  at  these  eight  sites  were  constructed  be- 
fore adoption  of  stringent  hospital  building  requirements  in 
1972.  Direct  damage,  restricted  access,  prolonged  loss  of  pub- 
lic utility  services,  and  reduced  public  confidence  in  structures 
near  the  fault  will  necessitate  closure  of  some  of  these  facili- 
ties. Thus,  one  or  more  hospitals  could  become  an  added  post- 
earthquake  burden. 


Public  Schools 

Earthquake  resistant  public  school  buildings  are  generally 
well  distributed  throughout  populated  areas  and  are  normally 
in  a  safe  condition  following  earthquakes.  These  structures 
provide  a  major  resource  for  mass  shelter  and  feeding.  Some 
substantial  damage  to  several  schools  can  be  anticipated,  how- 
ever, because  of  close  proximity  to  the  fault.  Also,  schools 
located  in  the  hills  east  of  the  fault  will  be  functionally  im- 
paired due  to  disrupted  utilities.  The  Hayward  fault  traverses 
the  University  of  California  campus  where  about  20  percent  of 
the  floor  space  is  in  buildings  classified  as  seismically  poor  or 
very  poor.  Some  of  the  buildings  can  be  expected  to  collapse 
partially  or  totally. 

TRANSPORTATION  LIFELINES 

Trans-Bay  Bridges 

The  Trans-Bay  bridges  will  be  closed  temporarily  due  to 
ground  and  structural  failures.  Roadway  clearance,  emergency 
repairs,  detours,  and  bridge  inspections  will  preclude  or  se- 
verely restrict  use  of  these  structures.  The  Oakland  Bay  Bridge 
will  be  effectively  closed  due  to  major  damage  at  the  east 
approach  interchange  and  northward  along  Interstate  80/Route 
17;  the  Richmond-San  Rafael,  San  Mateo,  and  Dumbarton 
crossings  should  be  available  to  limited  emergency  traffic  in 
less  than  36  hours.  The  Golden  Gate  Bridge  will  remain  open, 
but  traffic  will  be  limited  severely  by  damage  at  the  southerly 
bridge  approaches. 

Major  Freeway  Routes 

All  of  the  major  freeway  routes  to  the  East  Bay  from  the  east 
and  south  either  cross  the  fault  or  are  otherwise  vulnerable  to 
damage  by  strong  shaking  and  ground  failures.  Major  routes 
subject  to  surface  fault  offset  include  Interstate  80  at  San  Pablo, 
Interstate  580  in  East  Oakland,  Interstate  680  at  Fremont  and 
south  to  Milpitas,  Route  24  west  of  the  Caldecott  Tunnel,  and 
most  of  Route  13  (Warren  Freeway).  Ground  failures  due  to 
liquefaction  and  strong  ground  shaking  will  cause  major  dam- 
age along  Routes  580  and  880  from  Richmond  to  San  Jose. 

Virtually  all  older  freeway  bridges  in  the  area  have  been 
retrofitted  to  increase  their  resistance  to  shaking.  Nevertheless, 
damage  to  and  collapse  of  some  of  these  structures  is  to  be 
expected.  Access  to  and  travel  within  the  East  Bay  will  be 
difficult  and  limited  to  emergency  traffic.  Most  principal 
routes  on  the  San  Francisco  and  Marin  peninsulas  and  western 
side  of  the  San  Jose  area  will  be  open  subject  to  major  delays 
and  detours. 

Airports 

Runways  at  the  major  Bay  area  airports  are  generally  con- 
structed of  fill  placed  over  Bay  mud  of  varying  depths.  Their 
performance  when  subjected  to  prolonged  shaking  is  question- 
able, and  liquefaction  and  differential  settlement  may  render 
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all  or  portions  of  many  runways  unusable  by  larger  aircraft. 
For  planning  purposes,  San  Jose  Municipal  Airport  is  assumed 
to  be  available  for  larger  transport  aircraft.  San  Francisco  and 
Oakland  International,  Hayward  Municipal,  and  other  second- 
ary Bay  area  airports  should  be  available  for  limited  use  by 
small  aircraft  and  helicopters.  Alameda  Naval  Air  Station  will 
be  closed. 

BART 

BART  will  be  shut  down  due  to  the  lack  of  electrical  power 
and  to  assess  and  repair  damage.  Principal  damage  will  be  to 
the  Berkeley  Hills  tunnels,  which  will  be  closed  indefinitely  as 
a  result  of  fault  rupture.  Damage  to  a  few  elevated  spans  is 
postulated  in  the  East  Bay.  The  Trans-Bay  tube  and  the  sub- 
way systems  will  survive  with  no  major  damage. 

Railroads 

Rail  service  to  the  Bay  area  from  the  east  and  south  will  be 
curtailed  due  to  fault  rupture,  ground  failures  at  various  loca- 
tions around  the  Bay  perimeter,  and  structural  damage  to  nu- 
merous bridges.  Rail  service  via  the  coast  route  from  Southern 
California  to  San  Francisco  will  be  restored  rapidly,  but  all 
other  lines  to  and  from  the  Bay  area  will  be  blocked  for  at 
least  the  initial  72-hour  post-earthquake  period. 

Port  Facilities 

Most  of  the  docks  in  the  Bay  area  are  pile  supported  and  are 
not  expected  to  be  affected  greatly.  Port  facilities  at  San  Fran- 
cisco are,  therefore,  expected  to  remain  functional,  though 
initially  the  loss  of  power  and  impaired  access  to  the  area  will 
curtail  operations. 

In  the  East  Bay,  the  Port  of  Oakland  and  other  commercial 
port  facilities  at  Richmond  and  in  the  Carquinez  Straits  will  be 
nonfunctional  as  a  result  of  prolonged  power  loss  and  damage 
to  truck  and  rail  access  routes.  Within  the  port  areas,  filled 
land  will  settle,  disrupting  both  rails  and  streets.  Damage  to  oil 
pipeline  and  storage  facilities  at  the  Richmond  and  Carquinez 
facilities  poses  a  threat  of  contamination  and  fire. 

UTILITY  LIFELINES 

Communications 

Telephone  communications  will  be  overloaded  by  post- 
earthquake  calls  within  the  area  and  from  the  outside.  This 
situation  will  be  complicated  further  by  physical  damage  to 
equipment  due  to  ground  shaking  and  loss  of  electrical  power. 
The  East  Bay  and  San  Jose  areas  have  a  substantial  number  of 
telephone  facilities  located  in  areas  subject  to  severe  shaking 
and  high  probability  of  ground  failure.  Access  for  repairs  will 
be  a  major  problem. 

Inadequate  preventive  maintenance  of  backup  power  equip- 
'   ment  has  been  the  primary  cause  of  radio  and  microwave 
communications  failure  in  past  disasters. 


Electrical  Power 

All  portions  of  the  planning  area  will  experience  some  loss 
of  power.  About  one-third  of  the  service  connections  in  the 
area  will  be  without  power  for  24  hours.  In  the  urban  sections 
of  Oakland  and  other  East  Bay  cities,  the  power  outage  will  be 
nearly  100  percent  for  the  first  24  hours  and  at  75  percent  for 
an  additional  24  hours.  The  power  outage  in  San  Francisco 
will  be  50  percent  for  the  initial  24  hours  and  25  percent  for  an 
additional  24  hours. 

Electrical  power  facilities  in  the  East  Bay  are  particularly 
vulnerable  to  damage  from  the  scenario  earthquake,  and  the 
time  required  to  restore  full  power  will  be  prolonged.  While 
the  resources  may  be  available  to  deal  rapidly  with  repairs  to 
the  system,  the  general  confusion  and  damage  to  other  life- 
lines, such  as  communications  and  highways,  will  complicate 
restoration  efforts.  Power  is  unlikely  to  be  restored  to  many 
areas  for  several  days  or  longer.  Those  concerned  with  emer- 
gency planning  for  power-dependent  systems  such  as  commu- 
nications, water  supply,  fire  fighting,  and  waste  water  treat- 
ment should  be  cognizant  of  this  likelihood. 

Water  Supply 

Water  supply  systems  in  the  East  Bay  will  be  crippled  se- 
verely in  this  scenario  earthquake.  Displacement  along  the 
Hayward  fault  will  heavily  damage  all  major  tunnels,  aque- 
ducts, and  the  many  distribution  systems  that  cross  the  fault. 
The  flow  of  water  crossing  the  fault  will  be  reduced  to  10-30 
percent  for  the  first  24  hours.  The  public  will  need  to  conserve 
available  supplies  (e.g.,  water  in  hot  water  heaters)  and  to  take 
safety  measures  against  contamination. 

Restoration  of  water  service  to  all  areas  east  of  the  fault  in 
the  East  Bay  hills  will  be  delayed  greatly.  Where  distribution 
systems  are  damaged  heavily  along  the  fault  zone,  temporary 
pipe  similar  to  that  provided  to  many  residences  after  the  1971 
San  Fernando  earthquake  may  be  used.  Restoration  of  full 
service  could  take  months.  Within  the  past  10  years,  the  East 
Bay  Municipal  Utility  District  (EBMUD)  has  rebuilt  the  older, 
weaker  dams  in  their  system  to  improved  seismic  standards. 
Consequently,  a  major  dam  failure  is  not  considered  in  this 
scenario. 

Waste  Water 

Waste-water  pipelines  from  the  hillside  areas  will  be  sheared 
where  they  cross  the  Hayward  Fault.  Open  trenches  may  be 
necessary  to  carry  sewage  for  short  distances.  Alternatively, 
planners  will  have  to  provide  for  emergency  housing  or  tem- 
porary sanitary  facilities.  Treatment  plants  will  shut  down  due 
to  lack  of  power.  EBMUD's  electric  power  system  that  uses 
methane  gas  from  its  treatment  plant  will  be  unable  to  support 
full  plant  function.  It  may  be  necessary  for  emergency  treated 
raw  sewage  to  be  discharged  into  the  bay  for  up  to  one  month. 


462 


DIVISION  OF  MINES  AND  GEOLOGY 


SP  113 


Natural  Gas 

Horizontal  displacement  across  the  fault  zone  will  cause 
thousands  of  breaks  in  mains,  valves,  and  service  connections. 
Secondary  ground  failures  will  cause  many  additional  breaks 
in  the  system  in  the  proximity  of  the  fault  zone.  Some  fires 
will  occur  in  streets  due  to  broken  gas  mains;  structural  fires 
will  occur  as  a  result  of  broken  service  connections.  Fault 
rupture  will  also  damage  large  diameter  transmission  pipelines 
where  they  cross  the  fault  at  San  Pablo  and  Fremont.  Conse- 
quently, natural  gas  will  be  unavailable  in  the  East  Bay  from 
San  Pablo  on  the  north  to  Milpitas  on  the  south. 

Damage  to  facilities  serving  the  South  Bay  and  San  Fran- 
cisco Peninsula  should  be  minimal.  Where  poor  ground  condi- 
tions result  in  substantial  damage  to  distribution  systems,  res- 
toration of  service  will  be  prolonged.  Throughout  the  North 
Bay,  there  will  be  only  minimal  damage  to  isolated  segments 
of  the  distribution  system. 


Petroleum  Refineries  and  Products 

The  six  major  Bay  area  refineries  are  located  along  or  near 
the  margins  of  San  Pablo  and  Suisun  Bays,  all  are  subject  to 
damage  by  shaking,  and  all  have  facilities  that  are  subject  to 
damage  by  ground  failure.  Refineries  may  also  suffer  damage 
by  fire,  and  operations  will  be  curtailed  by  loss  of  utility  ser- 
vices. Pipelines  and  storage  facilities  located  on  poor  ground 
along  the  Bay  margin  are  vulnerable  to  damage,  particularly 
those  at  marine  terminals.  All  major  pipelines  transporting 
petroleum  fuels  to  the  Bay  area  cross  the  Hay  ward  fault  either 
at  San  Pablo  or  Fremont  and  all  are  vulnerable  to  damage  by 
surface  fault  rupture. 

LIFELINE  CORRIDORS 

The  major  transportation  corridors  that  serve  the  East  Bay 
area,  such  as  at  San  Pablo  and  Fremont,  are  commonly  shared 
by  various  other  lifeline  facilities,  all  of  which  are  vulnerable 
to  major  damage  where  they  cross  the  fault.  Simultaneous 
failure  of  several  major  lifelines  within  these  restricted  corri- 
dors could  vastly  complicate  emergency  response  efforts. 
These  corridors  warrant  special  attention  by  emergency  plan- 
ners. 


SCENARIO  DAMAGE  ASSESSMENTS 

ARE  INTENDED  FOR  EMERGENCY 

PLANNING  PURPOSES  ONLY 

They  are  based  upon  the  following  hypothetical  chain  of 
events: 

1 .  A  particular  earthquake  occurs 

2.  Various  localities  in  the  planning  area 
experience  a  specific  type  of  shaking  or 
ground  failure. 

3.  Certain  critical  facilities  undergo  damage 
and  others  do  not. 

The  conclusions  regarding  the  performance  of  facilities  are 
hypothetical  and  not  to  be  construed  as  site-specific  engi- 
neering evaluations.  For  the  most  part,  damage  assess- 
ments are  strongly  influenced  by  the  seismic  intensity  distri- 
bution map  developed  for  this  particular  scenario  earth- 
quake. There  is  disagreement  among  investigators  as  to  the 
most  realistic  model  for  predicting  seismic  intensity  distribu- 
tion. None  have  been  fully  tested  and  each  would  yield  a 
different  earthquake  planning  scenario.  Facilities  that  are 
particularly  sensitive  to  emergency  response  will  require  a 
detailed  geotechnical  study. 

The  damage  assessments  are  based  upon  this  specific 
scenario.  An  earthquake  of  significantly  different  magnitude 
on  this  or  any  one  of  many  other  faults  in  the  planning  area 
will  result  in  a  markedly  different  pattern  of  damage. 
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Planning  for  a  USGS  Contribution 
to  Emergency  Response  in  the  Bay  Area 


by 
Carl  E.  Mortensen1 


ABSTRACT 

A  U.S.  Geological  Survey  (USGS)  plan  is  being  developed  to  support  the  Federal  response  to  a  cata- 
strophic earthquake  in  the  Bay  Area.  The  Federal  Response  Plan  outlines  the  functions  of  all  Federal  agen- 
cies that  participate  in  the  response  to  natural  disasters.  The  USGS  participates  in  the  Federal  response  to 
catastrophic  earthquakes  under  this  plan.  Authorities  for  actions  taken  under  this  plan  derive  from  Public 
Law  93-288,  as  amended,  also  known  as  the  Robert  T.  Stafford  Disaster  Relief  and  Emergency  Assistance 
Act.  The  USGS  supports  the  information  and  planning  function  of  the  Federal  plan. 

Primary  emergency  response  to  a  catastrophic  earthquake  is  provided  by  local  and  State  agencies.  The 
Federal  Response  Plan  organizes  Federal  resources  in  support  of  the  overall  response.  The  primary  role  of 
the  USGS  in  emergency  response  under  the  Federal  Response  Plan  is  to  provide  continuously  updated 
information,  hazard  warnings,  and  technical  advice  (including,  for  example,  the  extent,  distribution,  and 
nature  of  shaking,  ground  failure,  and  damage,  and  estimates  of  risk  from  aftershocks  and  progressive 
ground  failure)  to  State  and  Federal  response  organizations.  In  the  event  of  a  Bay  Area  earthquake,  the 
USGS  can  provide  initial  estimates  of  shaking  intensities  and  likely  damage  distribution,  as  well  as  the  likely 
distribution  of  surface  faulting,  liquefaction,  and  landslides.  The  accuracy  and  speed  of  these  initial  esti- 
mates can  assist  State  and  Federal  authorities  in  directing  response  actions  such  as  establishing  staging 
areas  and  deploying  resources.  The  USGS  plan  for  the  Bay  Area  will  establish  channels  for  effectively  and 
rapidly  transferring  technical  and  scientific  estimates,  data,  hazard  warnings,  and  other  information  to  help 
formulate  and  guide  State  and  Federal  responses.  This  plan  is  intended  to  serve  as  a  model  for  the  devel- 
opment of  similar  plans  for  USGS  response  to  earthquakes  in  other  regions. 

The  USGS  role  in  the  Federal  response  plan  should  improve  the  effectiveness  of  the  emergency  re- 
sponse and  recovery,  and  will  also  benefit  earth-science  investigators  by  including  immediate  reconnais- 
sance and  other  post-earthquake  investigations  under  the  total  Federal  effort. 


INTRODUCTION 

A  U.S.  Geological  Survey  (USGS)  plan  is  being  developed 
to  support  the  Federal  response  to  a  catastrophic  earthquake  in 
the  Bay  Area.  This  plan  will  serve  to  coordinate  the  activities 
of  the  Office  of  Earthquakes,  Volcanoes  and  Engineering  of 
the  USGS,  in  response  to  a  future  catastrophic  earthquake  in 
the  San  Francisco  Bay  Area,  California,  with  activities  of  oth- 
er Federal,  State,  and  local  agencies  responding  under  the 
authority  of  the  Federal  Response  Plan  (for  Public  Law  93- 
288,  as  Amended)  (FEMA,  1991),  and  State  and  local  re- 
sponse plans. 


Authorities  under  the  Federal  Response  Plan  derive  from  the 
Robert  T.  Stafford  Disaster  Relief  and  Emergency  Assistance 
Act,  P.L.  93-288,  as  amended,  under  Title  V,  U.S.C.,  known 
as  the  "Stafford  Act"  (U.S.  Congress,  1989).  The  Federal  Re- 
sponse Plan  is  the  basis  for  implementing  those  authorities. 

Two  conditions  must  obtain  for  response  actions  by  Federal 
agencies  to  occur  under  the  authority  of  the  Federal  Response 
Plan:  1)  the  President  must  issue  a  disaster  declaration,  and  2) 
the  Director  of  the  Federal  Emergency  Management  Agency 
(FEMA)  must  activate  the  Federal  Response  Plan.  Response 
actions  by  Federal  agencies  based  on  various  separate  authori- 


1  U.S.  Geological  Survey,  345  Middlefield  Road,  MS  977,  Menlo  Park,  CA  94025 
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EMERGENCY  RESPONSE  TERM 
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Figure  1    Disaster  Field  Office  (DFO)  functional  organization  for  Federal  earthquake  response. 
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ties  may  commence  immediately  upon  occurrence  of  a  disas- 
ter, and  costs  associated  with  these  actions  may  be  reimburs- 
able under  the  Federal  Response  Plan  when  activated. 

The  Federal  Response  Plan  establishes  the  basis  for  fulfilling 
the  Federal  government's  role  in  providing  response  and  re- 
covery assistance  in  the  event  of  a  catastrophic  earthquake  or 
other  significant  disaster.  The  Federal  Response  Plan  is  based 
on  the  fundamental  assumption  that  a  catastrophic  earthquake 
will  overwhelm  the  capability  of  State  and  local  governments 
(some  of  which  may  themselves  be  victims)  to  carry  out  the 
extensive  emergency  operations  that  will  be  necessary  to  save 
lives  and  protect  property.  Resources  of  the  Federal  depart- 
ments and  agencies  have  been  grouped  into  Emergency  Sup- 
port Functions  to  provide  Federal  assistance.  Primary  and 
'  support  agency  responsibilities  have  been  assigned  for  each  of 
these  functions. 

To  fulfill  their  responsibilities  under  the  Federal  Response 
Plan,  participating  Federal  departments  and  agencies,  includ- 
ing the  Department  of  Interior  and  the  U.S.  Geological  Sur- 
vey, agree  to  prepare  for  and  carry  out  its  provisions.  They 
also  agree  to  develop  and  maintain  the  supplemental  internal 
headquarters  and  regional  interagency  planning  that  must  be 
done  to  establish  a  coordinated  Federal  response. 

DISASTER  RESPONSE  ORGANIZATION 

Response  to  a  catastrophic  disaster  is  initiated  by  local  juris- 
dictions, agencies,  and  even  citizens.  When  local  resources  are 
exhausted,  State  and  Federal  help  may  be  sought.  In  cases 
where  immediate  response  is  necessary  to  save  lives  and  prop- 
erty, State  and  Federal  responders  may  react  before  official 
notification  of  a  disaster  declaration. 

Although  the  disaster  response  is  driven  from  below,  the 
structure  of  the  Federal  response  organization  is  hierarchical. 
The  Federal  organization  is  directed  by  the  Federal  Coordinat- 
ing Officer,  a  FEMA  official  who  represents  the  Executive 
Branch  at  the  scene  of  the  disaster.  He  coordinates  his  man- 
agement of  the  Federal  response  effort  with  the  State  Coordi- 
nating Officer,  who  represents  the  governor  of  the  affected 
state.  In  California  the  State  Coordinating  Officer  is  an  official 
from  the  Governor's  Office  of  Emergency  Services. 

Primary  and  support  agencies  comprising  the  Emergency 
Support  Function's  shown  in  Figure  1  report  to  the  Federal 
Coordinating  Officer.  State  counterparts  of  the  Emergency 
Support  Function's,  called  Functional  Branches,  report  to  the 
State  Coordinating  Officer.  Under  the  fully  implemented  orga- 
nization, Federal  Emergency  Support  Function's  and  parallel 
State  Functional  Branches  should  be  collocated  at  the  Disaster 
Field  Office  and  they  will  coordinate  their  respective  activities 
closely  and  directly. 


ROLE  OF  THE  USGS  UNDER  THE 
FEDERAL  RESPONSE  PLAN 

Quoting  from  the  Federal  Response  Plan,  functional  annex 
Emergency  Support  Function-5:  "The  success  of  response  and 
recovery  operations  is  dependent  upon  decision  makers  re- 
ceiving comprehensive  and  accurate  information  on  the  type 
and  extent  of  damages  and  casualties,  boundaries  of  the  affect- 
ed area,  severity  of  impacts  and  related  information  on  the 
disaster  situation"  (FEMA,  1991). 

The  primary  response  activity  of  the  USGS  under  the  Feder- 
al Response  Plan  is  to  provide  timely  and  accurate  informa- 
tion, data,  and  technical  advice  and  consultation  to  response 
officials  concerned  with  the  full  spectrum  of  response  actions 
and  decisions,  including  deploying  emergency  assets  and  re- 
sources, setting  up  staging  areas  for  response  and  recovery 
operations,  coordinating  operations  between  various  jurisdic- 
tions and  entities,  conducting  reconnaissance  and  evaluating 
information,  conducting  emergency  action  planning,  establish- 
ing communications,  compiling  and  disseminating  informa- 
tion, warnings,  and  notifications  to  the  public,  and  communi- 
cating and  coordinating  with  national  level  authorities.  Accu- 
rate and  timely  information  and  advice  can  greatly  improve 
the  effectiveness  of  many  response  and  recovery  operations. 

Under  the  draft  USGS  plan  for  the  Bay  Area,  the  Office  of 
Earthquakes,  Volcanoes  and  Engineering  will  provide  Liaison 
Officers  to  the  Emergency  Response  Team,  which  assembles 
immediately  at  the  Regional  Operations  Center  at  Headquar- 
ters, FEMA  Region  IX,  Presidio,  San  Francisco,  and  to  the 
Disaster  Field  Office  when  and  where  established. 

Immediately  following  a  catastrophic  earthquake  in  the  San 
Francisco  Bay  Area  the  USGS  will  identify  important  scientif- 
ic questions  regarding  the  earthquake  such  as  the  distribution 
and  intensity  of  ground  shaking,  the  nature  and  distribution  of 
ground  rupture  and  ground  failure  effects,  seismotectonic 
parameters  of  the  earthquake  source,  etc.  Teams  of  scientists 
from  the  Menlo  Park,  Pasadena,  Denver,  and  other  offices  will 
be  formed  and  deployed  to  gather  field  data  and  observations. 
Data  collected  automatically  will  be  analyzed  as  well. 

Some  of  the  information  gathered  and  interpretations  provid- 
ed will  potentially  be  of  great  value  in  emergency  response 
and  recovery  efforts.  It  is  important  that  these  data,  observa- 
tions, and  interpretations  be  relayed  through  the  USGS  Liai- 
son Officers  for  incorporation  into  the  data  stream  being  gath- 
ered and  processed  by  Emergency  Support  Function  5,  Infor- 
mation and  Planning,  for  direct  transfer  to  response  officials, 
or  for  incorporation  into  response  and  recovery  planning. 

The  function  of  the  USGS  liaison  officers  is  to  compile 
geotechnical  information  as  it  becomes  available  from  various 
sources,  and  relay  that  information  to  response  officials  in 
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forms  that  are  useful  to  them  as  they  conduct  their  responsibil- 
ities, providing  advice  and  interpretation  as  necessary.  For 
example,  decisions  must  be  made  very  quickly  on  where  to 
establish  staging  areas  from  which  to  deploy  resources  or  for 
evacuating  injured.  With  extensive  damage  to  the  industrial 
areas  and  transportation  infrastructure  of  the  Bay  Area,  an 
accurate  estimate  of  shaking  intensities  and  liquefaction  and 
landslide  distribution  can  be  invaluable  for  initial  damage 
estimates  needed  to  make  optimum  selections  of  staging 
areas.  Such  information  bears  on  other  response  decisions  as 
well. 

Particular  circumstances  may  arise  that  are  not  addressed 
by  the  preplanned  tasking  and  mission  assignments  envi- 
sioned by  the  Federal  Response  Plan.  Examples  involving 
the  USGS  where  this  might  be  the  case  include  providing 
early  warning  of  aftershocks  to  rescuers  or  inspectors  work- 
ing in  or  around  collapsed  or  weakened  structures  (Reasen- 
berg,  1990),  or  providing  studies  or  monitoring  of  incipient 
or  progressive  ground  failure  hazards  such  as  landslides. 
(Both  of  these  tasks  were  performed  by  the  USGS  following 
the  Loma  Prieta  earthquake:  Bakun,  1989;  Technical  Advi- 
sory Group  on  the  Santa  Cruz  Geologic  Hazard  Investiga- 
tion, 1991).  For  situations  like  these,  the  Federal  Coordinat- 
ing Officer  can  issue  specific  taskings  or  mission  assign- 
ments to  provide  funding  to  cover  expenses  (except  perma- 
nent salaries)  incurred  in  these  efforts. 

A  task  force  may  be  organized  utilizing  one  or  more  Emer- 
gency Support  Functions  or  individual  agencies  which  have 
expertise  in  a  particular  area.  The  Federal  Coordinating  Offi- 
cer may  use  a  task  force  to  deal  with  a  specific  issue,  prob- 
lem, or  mission  requirement  not  covered  under  an  assigned 
Emergency  Support  Function.  Thus,  for  example,  the  USGS 
could  be  tasked  to  work  together  with  the  US  Army  Corps  of 
Engineers  to  study,  evaluate,  or  monitor  particular  geotech- 
nical  hazards.  Liaison  Officers  should  be  alert  in  identifying 
opportunities  for  such  assignments  and  making  timely  rec- 
ommendations to  the  Federal  Coordinating  Officer  after 
verifying  capabilities  with  USGS  managers  concerned. 

The  USGS  (Draft)  Response  Plan 

The  purpose  of  the  USGS  (Draft)  Response  Plan  is  to  pro- 
vide for  the  organizational  structure,  personnel  and  material 
assignments,  organizational  and  communications  linkages, 
administrative  procedures,  and  operational  functions  neces- 
sary for  the  USGS,  Office  of  Earthquakes,  Volcanoes  and 
Engineering,  to  support  response  activities  under  the  Federal 
Response  Plan  in  case  of  a  catastrophic  earthquake  in  the 
San  Francisco  Bay  Area.  This  plan  is  also  coordinated  with 
the  State  Emergency  Plan  (State  of  California,  1989a),  and 
the  State  Response  Plan  for  a  Catastrophic  Earthquake  in  the 
San  Francisco  Bay  Region  (State  of  California,  1989b,  draft), 
both  promulgated  by  the  Governor's  Office  of  Emergency 
Services. 


This  plan  should  be  considered  a  "living  document,"  subject 
to  frequent  revision  as  new  technical  capabilities  and  scien- 
tific knowledge  relevant  to  earthquake  response  and  recov- 
ery can  be  introduced.  For  example,  initial  intensity  distribu- 
tions may  currently  only  be  estimates  based  on  static  map 
projects  done  for  particular  areas  based  on  scenario  earth- 
quakes. As  microzonation  techniques  and  efforts  improve 
and  extend,  real-time  seismic  monitoring  may  be  combined 
with  geographic  information  system  techniques  to  provide 
immediate,  accurate  estimates  based  on  complete  geology, 
specific  earthquake  parameters,  and  the  latest  models 
(Borcherdt  and  others,  1991;  Wentworth  and  others,  1991). 
Ultimately  a  comprehensive  real-time  earthquake  monitoring 
system  might  provide  optimum  estimates  almost  instantly 
(National  Research  Council,  Panel  on  Real-Time  Earthquake 
Warning,  1991).  This  plan  will  also  need  adjustment  as  vari- 
ous organizational  responsibilities  and  relationships  change. 

As  with  all  plans,  this  plan  should  be  periodically  tested 
through  exercises.  Exercises  to  test  organizational  response 
to  catastrophic  earthquakes  are  sponsored  by  FEMA  and  are 
titled  "Response-(year)".  The  USGS  will  participate  in  these 
occasional  exercises  to  evaluate  communications  facilities, 
operational  and  administrative  procedures,  and  organization- 
al effectiveness,  as  well  as  to  familiarize  response  officials 
with  USGS  missions,  capabilities,  and  personnel. 

USGS  Organization 

Under  the  draft  USGS  plan,  immediately  after  a  large 
earthquake  in  the  San  Francisco  Bay  Area  the  Chief,  Office 
of  Earthquakes,  Volcanoes  and  Engineering,  will  appoint  a 
Scientist-in-Charge  who  will  coordinate  all  USGS  activities 
in  response  to  the  earthquake.  That  individual  is  most  likely 
to  be  the  Chief  Scientist  of  the  Bay  Area  Future  Earthquakes 
Project,  or  other  senior  scientist  familiar  with  current  re- 
search activities  throughout  the  region.  Office  of  Earth- 
quakes, Volcanoes  and  Engineering  Branch  Chiefs  in  Menlo 
Park  will  form  an  ad  hoc  advisory  committee  to  assist  in  the 
role  of  coordinating  USGS  post-earthquake  investigations 
and  outreach  activities,  including  the  activities  of  scientists 
from  other  research  institutions,  both  US  and  foreign,  other 
groups,  and  volunteers  that  seek  USGS  guidance  in  defining 
a  meaningful  role  for  their  capabilities  and  interests  in  post- 
earthquake  investigations. 

The  Scientist-in-Charge  will  conduct  periodic  and  frequent 
meetings  of  USGS  and  external  investigative  teams  to  com- 
pile and  correlate  observations  and  data  and  to  arrive  at  con- 
sensus interpretations  of  the  phenomenon  bearing  on  the 
important  outstanding  questions.  It  is  anticipated  that  initial 
interpretations  may  change  as  additional  information  becomes 
available. 

The  USGS  Liaison  Officer(s)  should  attend  the  periodic 
meetings,  or  obtain  through  communication  with  the  Scientist- 
in-Charge  a  synopsis  of  the  proceedings,  and  quickly  summa- 
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rize  the  relevant  points  and  introduce  them  into  the  Emergen- 
cy Support  Function  5  information  base,  bringing  specific 
points  that  require  timely  action  to  the  immediate  attention  of 
the  Federal  Emergency  Support  Function  Leader. 

The  USGS  Liaison  Officer(s)  will  identify,  in  consultation 
with  the  Scientist-in-Charge,  which  investigative  efforts  are 
clearly  important  to  the  overall  Federal  response  effort  and  are 
appropriately  funded  under  Stafford  Act  authorities.  It  is  noted 
that  research  activities  per  se  will  not  to  be  funded  with  disas- 
ter response  monies. 

Establishing  efficient  communications  between  USGS  head- 
quarters in  Menlo  Park  and  the  Disaster  Field  Office  will  be 
critical  to  effective  implementation  of  the  draft  USGS  plan. 
The  USGS  Communications  Officer  will  establish  communi- 
cations circuits  in  accordance  with  the  plan,  and  will  effect  the 
transmission  and  reception  of  messages  and  critical  informa- 
tion between  operating  elements  in  Menlo  Park  and  the  Disas- 
ter Field  Office,  as  well  as  to  USGS  headquarters  in  Reston. 
The  Communication  Officer  will  ensure  that  the  circuits  are 
operational  and  staffed  as  required  throughout  the  period  of 
response  to  the  disaster.  For  a  Bay  Area  earthquake,  if  the 
Disaster  Field  Office  is  located  nearby,  it  may  prove  most 
efficient  for  USGS  Liaison  Officer(s)  to  commute  between 
Menlo  Park  and  the  Disaster  Field  Office. 


The  USGS  Public  Affairs  Officer,  Western  Region,  will 
coordinate  public  affairs  releases  and  media  presentations  with 
the  primary  Joint  Information  Center  at  the  Disaster  Field 
Office.  Figure  2  shows  the  regional  USGS  emergency  re- 
sponse structure. 

CONCLUSION 

A  plan  has  been  drafted  that  will  immediately  transfer  scien- 
tific information,  data,  advice,  interpretations  and  hazard 
warnings  to  emergency  response  officials  planning  and  man- 
aging response  and  recovery  operations  at  the  Disaster  Field 
Office.  The  USGS  (draft)  Response  Plan  for  the  Bay  Area  fits 
within  the  organizational  framework  of  the  Federal  Response 
Plan  (draft)  and  facilitates  the  distribution  of  information  to 
the  emergency  response  community  through  the  mechanisms 
and  organizational  linkages  established  by  the  Federal  plan. 
The  intention  of  this  effort  is  to  enable  emergency  response 
officials  to  benefit  from  the  immediate  results  of  relevant  sci- 
entific observations  and  investigations,  conveyed  from  author- 
itative and  comprehensive  sources. 
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Use  of  Logic  Tree  Analysis  for 
Earthquake  Emergency  Planning  in  Critical  Facilities 

By 
Laurie  R.  Friedman1,  Keith  A.  Porter2,  Charles  R.  Scawthorn3 


ABSTRACT 

In  this  paper,  we  present  a  method  of  evaluating  critical  facilities  and  the  lifeline  utilities  serving  them 
to  identify  factors  important  to  earthquake  response  planning.  Critical  facilities,  such  as  hospitals  and 
data-processing  centers,  must  maintain  24-hour  operations  and  may  be  required  to  demonstrate  the 
capability  to  restore  full  operations  within  72  hours  of  a  major  earthquake.  This  represents  a  chal- 
lenge even  for  managers  of  facilities  with  earthquake-resistant  structures  and  equipment.  These 
facilities  often  rely  on  unimpaired  telecommunications  service,  roadway  access,  bridges,  water 
service,  gas,  and  electricity,  each  of  which  may  be  vulnerable  to  widespread  damage  in  a  Bay  Area 
earthquake.   In  this  paper,  we  outline  an  assessment  method  that  considers  both  on-site  and  off-site 
hazards  to  critical  facilities.  The  tool  we  use  to  analyze  these  effects  is  the  logic  tree.  This  is  an 
adaptation  of  fault  trees  used  in  the  failure  analysis  of  complex  systems  such  as  nuclear  power  plants. 
The  logic  tree  provides  a  visual  depiction  of  relationships  between  system  reliability  and  components 
at  risk,  including  structure,  equipment,  telecommunications,  and  off-site  lifeline  utilities.  We  describe 
how  findings  of  the  off-site  effects  assessment  and  logic  tree  analysis  help  to  define  requirements  for 
emergency  power,  water,  communications,  and  transportation,  and  to  develop  reliability-based 
contingency  plans. 


RISK  FROM  NATURAL  DISASTERS 

Few  operations  are  as  sensitive  to  brief  interruptions  as  are 
data  centers  and  hospitals.  Even  temporary  interruption  of 
critical  utilities  such  as  power  or  telecommunications  can 
cost  data  centers  millions  of  dollars.  In  hospitals,  the  losses 
may  be  measured  in  lives.  Recent  earthquakes  have  shown 
that  damage  from  even  minor  or  distant  earthquakes  can 
cause  major  operational  problems.  In  the  Loma  Prieta 
Earthquake,  for  example,  facilities  far  from  the  epicenter 
lost  electric  power  and  water  for  several  days;  some  found 
that  backup  systems  did  not  work  properly.  Consequently, 
government  regulators  and  operators  of  essential  facilities 
are  becoming  increasingly  concerned  with  ensuring  service 
restoration  within  short  time  limits. 


'Senior  Planner,  EQE  Engineering  and  Design,  44  Montgomery 
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RISK  MANAGEMENT  REQUIREMENTS 

Perhaps  the  most  recent  government  policy  on  risk  control 
was  established  in  1991  by  the  California  State  Banking 
Department.  The  new  policy  encourages  state-chartered 
banks  to  adopt  plans  to  restore  service  fully  within  48  hours. 
Consequently,  to  meet  these  goals  bank  contingency 
planning  requires  an  institution-wide  emphasis,  considering 
hazards  to  data  centers,  service  bureaus,  backup  sites,  off- 
site  storage  facilities,  and  nationwide  telecommunications. 

Rules  for  hospital  accreditation  are  also  increasingly 
concerned  with  reliability  in  natural  disasters.  The  Joint 
Commission  on  Accreditation  of  Healthcare  Organization 
(JCAHO)  requires  that  hospitals  prepare  internal  disaster 
plans.  The  JCAHO  requirements  are  not  intended  to  ensure 
hospital  capability  to  respond  to  a  region-wide  disaster  such 
as  an  earthquake.  Many  hospital  administrators,  however, 
recognize  that  demand  for  health  care  will  only  increase  in 
an  emergency  environment.  They  are  therefore  trying  to 
define  and  meet  reliability  goals  for  emergency  operation. 


469 


470 


DIVISION  OF  MINES  AND  GEOLOGY 


SP  113 


RISK  MANAGEMENT  METHODOLOGY: 
LOGIC  TREE  ANALYSIS 

Facility  managers  can  estimate  and  mitigate  risk  of  facility 
failure  with  the  following  method: 

•  Estimate  risk  of  service  interruption. 

•  Identify  significant  hazards  that  contribute  most  strongly  to 
that  risk,  using  logic  tree  analysis. 

•  Target  these  hazards  for  cost-effective  risk  mitigation  and 
contingency  planning.  These  steps  are  illustrated  graphi- 
cally in  the  following  figure. 


ENSURING  RELIABILITY 
FOR  CRITICAL  FACILITIES 
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Figure  1    Risk  Management  Methodology  using  logic  tree  analysis. 


The  central  feature  of  this  methodology  is  the  logic  tree. 
The  logic  tree  is  adapted  from  fault  tree  analysis,  which  was 
first  conceived  and  applied  in  a  1961  safety  analysis  of  the 
Minuteman  Launch  Control  System.  Later,  the  use  of  fault 
tree  analysis  spread  to  nuclear  power,  chemical,  and  other 
high-risk  industries. 

The  adaptation  of  fault  tree  analysis  for  disaster  planning 
at  hospitals  and  data  centers  is  new.  In  this  new  application, 
the  term  logic  tree  is  used  instead  of  fault  tree  because  we 
find  that  valuable  disaster  planning  information  is  depicted 
within  the  logic  diagram,  with  or  without  the  rigorous 
mathematical  analysis  associated  with  traditional  fault  trees. 

The  logic  tree  is  a  visual  depiction  of  relationships 
between  the  overall  risk  (for  example,  failure  to  restore 
service  within  a  given  number  of  days)  and  the  components 
that  contribute  to  that  risk.  A  logic  tree  comprises  event 
statements,  logical  connections,  and  lines  that  depict  the 
causal  relationships  that  result  in  overall  system  failure. 
Probabilities  for  these  events,  called  basic  events,  form  the 
quantitative  basis  for  assessing  overall  risk.  The  hazards 
that  contribute  most  significantly  to  overall  risk  can  then  be 
identified  and  targeted  for  disaster  planning  and  hazard 
mitigation. 

A  simple  logic  tree  is  presented  in  Figure  2,  and  depicts 
the  risk  of  electrical  failure  to  a  facility  already  supplied 
with  backup  power  equipment.  The  overall  hazard  is  shown 
as  the  top  event,  which  is  "Electricity  Fails"  in  this  example. 
The  events  contributing  to  that  risk  are  shown  lower  in  the 
tree.   In  the  example,  electricity  fails  if  either  the  lines  break 
in  the  building,  or  electricity  delivery  fails.  Electricity 
delivery,  in  turn,  may  fail  if  both  backup  power  and  com- 
mercial power  fail. 

At  the  bottom  of  the  tree  are  the  basic  events;  they  have  no 
preceding  events  and  are  simple  enough  that  their  probabil- 
ity of  occurrence  may  be  estimated.  If  the  probability  of 
each  basic  event  is  known,  the  probability  of  the  top  event 
may  be  calculated. 

A  complete  logic  tree  depicting  the  operational  failure  of  a 
data  center  or  hospital  would  typically  be  much  larger  than 
the  example  shown  here.  Its  top  event  would  be  a  statement 
of  system  failure,  typically  in  terms  of  time  to  service 
restoration. 

The  basic  events  of  the  logic  tree  take  into  account 
hazards  to  structures,  equipment,  and  lifelines.  To  construct 
the  logic  tree,  each  of  these  components  must  be  examined. 

Hazards  to  Structures 

Each  structure  is  unique  in  its  siting,  layout,  and  construc- 
tion. In  general,  though,  structures  may  be  classified  as  one 
of  a  dozen  or  so  structural  types,  each  with  strengths  and 
vulnerabilities. 
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Figure  2:  Sample  logic  tree  for  electricity  failure 


In  earthquakes,  unreinforced  masonry  is  probably  the  type  of  structure 
most  vulnerable  to  shaking  damage,  and  wood  buildings,  one  of  the  least. 
Wood  buildings,  on  the  other  hand,  are  substantially  more  vulnerable  than 
other  structural  types  to  hurricane,  tsunami,  or  fire  damage.  As  shown  in 
Figure  3,  the  majority  of  20th  Century  earthquake  fatalities  are  attributable 
to  building  collapse,  and  particularly  the  collapse  of  masonry  buildings. 
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Figure  3:  Share  of  1.4  million  fatalities  (1900-1989)  (After  Coburn  and  others,  1989). 


The  logic  tree  for  a  facility  will  call  out  the 
most  significant  structure-related  hazards 
given  the  natural  disaster  under  consideration. 
In  addition  to  physical  damage  to  structures, 
the  logic  tree  should  include  the  potential  that 
fears  about  building  safety  will  prevent 
employees  from  returning  to  work. 

Hazard  mitigation  measures  such  as 
building  retrofit,  and  anchoring  and  bracing 
of  equipment  and  furniture  can  then  be  taken 
to  protect  life  safety  and  to  ensure  that  the 
facility  will  be  functional  following  a  major 
earthquake. 

Information  from  the  logic  tree  analysis  can 
be  used  in  disaster  planning  to  identify 
potential  response  problems  and  to  develop 
resources  and  procedures  to  address  them. 
For  example,  the  logic  tree  for  "Electricity 
Fails"  can  help  to  determine  procedures  for 
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Figure  4.  Earthquake  damage  to  equipment. 


safe  and  reliable  manual  operations  of  backup  power 
systems  and  storage  of  emergency  fuel  supplies.  Logic  tree 
information  about  structural  vulnerabilities  can  be  used  to 
target  specific  areas  of  the  facility  for  rapid  post-disaster 
safety  inspections. 

HAZARDS  TO  EQUIPMENT 

Operational  Equipment 

Data  center  and  hospital  structures  contain  equipment  vital 
to  the  service  provided  at  the  facility.  For  example,  data- 
center  operational  equipment  include  a  wide  variety  of 
computers,  printers,  and  storage  devices.  Hospitals  rely  on 
a  variety  of  mobile  X-ray,  laboratory,  life  support,  and  other 
equipment. 

The  logic  tree  reflects  equipment  performance  characteris- 
tics. Damage  caused  by  overturning,  falling,  impacting,  or 
sliding  (Figure  4)  may  result  in  critical  equipment  being 
unavailable  after  an  earthquake  or  other  disaster. 

In  addition,  these  pieces  of  equipment  can  be  sensitive  to 
so-called  second-order  effects  such  as  damage  to  sprinkler 
pipes.  Water  from  broken  sprinkler  lines  can  be  deadly  to 
sensitive  electronic  equipment. 

Building  Service  Equipment 

Various  types  of  operational  equipment  require  power, 
heat,  air  conditioning,  or  water.  The  logic  tree  must 
therefore  incorporate  hazards  to  equipment  supplying  these 
services.  In  data  centers,  uninterruptible  power  supply 
(UPS)  equipment  ensure  power  to  computer  equipment,  but 
tall  racks  of  batteries  for  the  UPS  can  overturn  or  damage 
electrical  buses  if  inadequately  restrained. 
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Both  hospitals  and  data  centers  rely  on  continuous  heating, 
ventilation,  and  air  conditioning  (HVAC)  service.  Patient 
health  and  comfort  and  sterile  air  flow  in  surgical  suites  are 
the  issue  in  hospitals.  In  data  centers,  HVAC  systems  are 
used  to  cool  computers,  which  generate  large  amounts  of 
heat.  Air  conditioning  failure  can  lead  to  rapid  computer 
shutdown. 

Air  conditioning  in  turn  relies  on  power  and  water  supply. 
Critical  facilities  are  often  supplied  with  backup  water  in 
case  the  municipal  water  supply  fails.  Earthquakes  can 
produce  widespread  damage  to  water  systems,  potentially 
overwhelming  repair  crews.  Service  can  require  days  or 
weeks  to  restore  fully.  Backup  water  supplies  may  be 
rapidly  exhausted  in  such  an  environment.  Similarly, 
widespread  commercial  electrical  failure  often  follows 
major  earthquakes  and  hurricanes,  and  backup  fuel  may  be 
exhausted  before  resupply  can  be  arranged. 

Logic  tree  analysis  should  reveal  vulnerabilities  of 
operational  and  building  service  equipment,  enabling 
contingency  planners  to  deal  with  them  in  advance.  Where 
the  hazard  is  determined  to  be  significant,  operational 
equipment  can  be  anchored  or  braced.  Additional  fuel  and 
water  reserves  can  be  installed,  and  emergency  response 
agreements  can  be  prearranged  to  ensure  a  ready  supply  of 
critical  equipment  components,  fuel,  and  water. 

HAZARDS  TO  LIFELINES  AND  OTHER 
OFF-SITE  IMPACTS 

In  addition  to  commercial  water  and  power  mentioned 
above,  other  critical  lifelines  include  telecommunications, 
road  access,  gas,  and  sewer.  A  facility  need  not  rely  on 
these  services  to  be  affected  by  them.  For  example,  a  data 
center  may  not  require  gas-fired  boilers  in  order  to  operate. 
However,  street  gas  lines  can  rupture  in  an  earthquake, 
fueling  an  explosion  or  fire,  and  disrupt  access  to  the 
facility. 

The  air  itself  may  also  be  regarded  as  a  lifeline.  Smoke 
from  nearby  fires  can  shut  down  an  HVAC  system,  poten- 
tially for  days.  If  smoke  enters  HVAC  air  intakes,  smoke 
detectors  cause  air  intake  dampers  to  close,  rendering  the 
HVAC  inoperative.  Manually  overriding  the  dampers 
would  admit  the  smoke,  harming  building  occupants  and 
equipment. 

Each  of  these  hazards  must  be  represented  in  a  complete 
logic  tree  analysis.  Where  possible,  backup  systems  can  be 
installed  or  enhanced.  For  example,  it  is  possible  to 
enhance  HVAC  filters  for  cleaning  smoke-laden  air. 


Some  lifelines,  however,  will  be  beyond  the  facility 
operators'  control.  One  great  strength  of  logic  tree  analysis 
is  in  evaluating  the  potential  for  uncontrollable  hazards.  If  a 
hazard  cannot  be  mitigated,  it  is  important  to  know  how 
likely  it  is  that  the  hazard  will  occur  and  will  result  in 
system  failure.  This  information  can  be  used  in  cost-benefit 
analyses,  and  to  make  informed  business  decisions  regard- 
ing backup  sites  or  facility  relocation.  For  example,  the 
decision  to  relocate  an  expensive  facility  may  hinge  on  the 
probability  that  employees  will  be  able  to  get  to  work,  or  the 
probability  that  fires  following  earthquake  will  engulf  the 
facility. 

BUSINESS  DECISIONS  BASED  ON  LOGIC 
TREE  ANALYSIS 

Once  the  logic  tree  analysis  has  been  performed,  the  most 
likely  sources  of  system  failure  can  be  targeted  for  mitiga- 
tion. The  cost  of  mitigation  can  be  balanced  against  the 
benefit  gained  by  reducing  the  probability  of  facility  failure. 

In  summary,  the  logic  tree  provides: 

•  A  format  for  identifying  hazards  and  risks  to  system 
reliability 

•  A  tool  to  determine  overall  system  reliability 

•  A  basis  for  cost-benefit  analysis  for  risk-mitigation 
measures 

•  Clarification  for  disaster  planners  on  the  opportunities 
for  pre-emergency  preparedness,  as  well  as  needs  for 
emergency  operations  and  post-earthquake  business 
recovery 

Logic  trees  help  operators  of  critical  facilities  to  determine 
cost-effective  risk-mitigation  methods,  to  meet  or  exceed 
government  disaster  preparedness  requirements,  and  to 
position  themselves  for  rapid  recovery  in  a  potentially 
chaotic  environment.  For  hospitals,  this  translates  to  saving 
lives  at  a  time  when  health  care  facilities  are  needed  most. 
For  businesses  that  depend  on  data  centers,  it  translates  to 
greater  confidence  before  the  emergency,  and  better  service 
afterwards. 
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Site-Dependent  Response  Spectral  Shapes 

of  East  Bay  Strong-Motion  Records  from 

the  Loma  Prieta  Earthquake 


by 
Yi  Ben  Tsai1 


ABSTRACT 

The  digitized  strong-motion  records  from  the  1989  Loma  Prieta  earthquake  obtained  at  twenty-one 
sites  in  the  eastern  San  Francisco  Bay  Area  by  the  U.S.  Geological  Survey  and  the  California  Strong- 
Motion  Instrumentation  Program  were  analyzed  in  terms  of  the  normalized  response  spectral  shape.  The 
results  were  compared  with  the  site-dependent  design  spectral  shapes  prescribed  in  the  1991  Uniform 
Building  Code  (UBC).  On  the  average,  the  UBC  design  spectral  shape  enveloped  the  observed  mean 
response  spectral  shape  for  corresponding  site  types,  thereby  confirming  the  general  adequacy  of  the 
UBC  design  spectral  shapes  for  the  area.  However,  the  observed  spectra  at  individual  sites  often 
contained  dominant  peaks  that  significantly  exceeded  the  UBC  design  spectra.  Thus,  it  is  important  to 
identify  site-specific  dominant  spectral  peaks  so  that  the  effects  of  possible  overlapping  with  the  struc- 
tural periods  can  be  considered  in  the  design  process.  Two  practical  methods  based  on  SHAKE  analy- 
ses and  microtremor  measurements  for  identifying  site-specific  dominant  response  spectral  peaks  was 
demonstrated  for  one  site. 


INTRODUCTION 

The  response  spectrum  method  has  emerged  as  the  most 
commonly  used  method  of  analysis  in  modern  earthquake 
engineering.  Biot  (1941,  1942)  and  Housner  (1941)  were 
among  the  first  researchers  to  recognize  the  potential  of  the 
response  spectrum  as  an  earthquake --resistant  design  tool. 
Housner  (1959)  obtained  the  first  spectra  used  for  seismic 
design  of  structures  by  averaging  and  smoothing  the 
response  spectra  from  eight  strong-motion  records,  two  each 
from  four  earthquakes.  This  approach  has  since  been 
followed  by  other  researchers  to  develop  generic  design 
spectra  (Newmark  and  others,  1973),  or  site-dependent 
design  spectra  (Seed  and  others,  1976). 

Site-dependent  design  spectra  have  since  been  incorpo- 
rated into  the  Uniform  Building  Code  (ICBO,  1991)  as  a 
standard  practice.  They  are  prescribed  in  terms  of  the 
smoothed  normalized  spectral  shape  (i.e.,  spectral  accelera- 
tion divided  by  peak  acceleration)  obtained  by  averaging  a 
large  number  of  strong-motion  records  with  similar  site 
conditions  from  many  past  earthquakes.  A  large  set  of 


strong-motion  records  from  the  Loma  Prieta  earthquake  of 
October  17,  1989,  was  obtained  and  processed  by  the  U.S. 
Geological  Survey  (Maley  and  others,  1989)  and  the 
California  Strong  Motion  Instrumentation  Program 
(CSMIP)  (Shakal  and  others,  1989).  This  data  set  presented 
a  unique  opportunity  to  check  the  adequacy  of  the  UBC  site- 
dependent  design  spectra  because  it  contained  a  large 
enough  number  of  records  for  meaningful  statistical 
analyses,  yet  avoided  the  effects  of  different  earthquake 
sources.The  present  study  consisted  of  two  parts.  In  the  first 
part,  we  used  twenty-one  records  obtained  at  sites  in  the 
eastern  San  Francisco  Bay  Area  to  perform  statistical 
analyses  on  the  normalized  response  spectral  shapes.  The 
results  were  compared  with  the  UBC  design  spectral  shapes 
for  the  corresponding  site  types  to  check  the  applicability  of 
the  UBC  design  spectra  for  the  area.  In  the  process  we  noted 
that  the  observed  spectra  at  individual  sites  often  contained 
dominant  peaks  that  significantly  exceeded  the  UBC 
spectra.  This  pointed  out  a  need  to  identify  site-specific 
dominant  spectral  peaks  so  that  the  effects  of  increased 
spectral  values  near  these  peaks  could  be  considered  in  the 
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Table  1.   GassiBcation  of  Strong 

Motion  Stations  in  Eastern  San  Francisco  Bay  Area 

Suuon  Nunc 

N.  Lit 

Wlotuj. 

Site  Type 

PGA  (J)' 

Geol' 

UBC 

CM 

OJ 

Gilroy  NoJ 

36987 

121.536 

Qha 

SI 

0J69 

0.543 

(Sewage  Plant) 

Gilroy  No.6 

37026 

121.484 

Rock 

SI 

0170 

0.114 

{Su  Ysidro) 

Gilroy  No.7 

37033 

121.434 

Oha 

SI 

0J21 

0210 

(Manletli  Ranch) 

Coyote  Lake  Dam 

37.124 

12IJ51 

Opa 

SI 

OI7J 

0.158 

(Downstream) 

Anderson  Dam 

37.166 

121.628 

Opa 

SI 

0243 

0243 

(Downstream) 

Fremont 

37J30 

121.919 

Opa 

SI 

0103 

0.120 

(Mission  San  Jose) 

Fremont 

37.535 

121529 

Opa 

SI 

0.194 

0.145 

(Emerson  Court) 

Haywire! 

37.657 

122.061 

Rock 

SI 

0.084 

0.074 

(CSUH  SlaAGrnd) 

Hayward 

37.670 

122.086 

Opa 

SI 

0.158 

0.156 

(BART  Station) 

GUroy  No4 

37.005 

121.522 

Oha 

S2 

0214 

0.416 

(San  Ysidro  Sen.) 

Coyote  Lake  Dam 

37.118 

121.550 

Rock 

S2 

0.481 

O.L52 

(SW  Abutment) 

Anderson  Dam 

37.166 

121.628 

Rock 

S2 

0.061 

0.079 

(Left  Abutment) 

Halls  Valley 

37338 

121.714 

Oha 

S2 

0112 

0.UI 

(Grant  Park) 

Hayward 

37.657 

122.082 

Opa 

S2 

0.139 

0  170 

(Muir  School) 

Piedmont  Jr.  High 

37JJ23 

122.233 

Rock 

S2 

0.083 

0.071 

(School  Ground) 

Oakland 

37iS06 

122267 

Ops 

S3 

0243 

0191 

(2-slorv  Bldg,) 

Oakland 

37.816 

122JI4 

Obbm 

S3 

0287 

0271 

(Outer  Harbor) 

Treasure  Island 

37.825 

122J73 

Obbm 

S3 

0159 

0.100 

(Navy  Fire  Sta) 

Emeryville 

37*44 

127  795 

Obbm 

S3 

0260 

0.212 

(Christie  Ave.) 

Berkeley 

37.876 

122.249 

Rock 

S3 

0.117 

0O49 

(Lawrence  Lab.) 

Rjchmood 

37.935 

122J42 

Opa 

S3 

0.106 

0.125 

(Ciry  Hall  Lot) 

'Peak  horizontal  ground  acceleration  recorded 

in  the  Loma  P 

ieta  earthquake. 

"Qpa.Qpj-Late 

Pleistocene  Alluvium,  Qha-Holocenc 

Alluvium;  Qhbm-Bay  mud/FLU. 

design  process.  Thus,  in  the  second  part  of  this  study,  we 
used  available  examples  for  one  site  to  demonstrate  the 
applicability  of  two  practical  methods  based  on  SHAKE 
analyses  and  microtremor  measurements  for  meeting  this 
need. 

OBSERVED  RESPONSE  SPECTRAL 

SHAPES  FROM  THE  LOMA  PRIETA 

EARTHQUAKE  RECORDS 

In  order  to  average  the  response  spectra  from  various 
strong-motion  records,  the  spectra  need  to  be  normalized 
using  a  ground  motion  parameter,  such  as  the  peak  ground 
displacement,  velocity  or  acceleration.  The  UBC  site- 
dependent  spectral  shapes  are  defined  in  terms  of  the 
normalized  horizontal  acceleration  response  spectrum  at  5% 
damping  and  between  periods  0.03  to  3  seconds,  using  the 
peak  ground  acceleration  as  the  normalizing  parameter.  For 
direct  comparisons  we  calculated  the  normalized  5%- 
damped  acceleration  response  spectrum  for  each  horizontal 
component  of  the  records  over  a  slightly  different  period 
range  from  0.05  to  3  seconds.  The  lower  period  threshold 
was  changed  from  0.03  to  0.05  seconds  because  the  digi- 
tized records  were  low-pass  filtered  with  a  cut-off  period 
slightly  shorter  than  0.05  seconds. 


The  twenty-one  strong-motion  records  used  for  this 
study  were  from  sites  located  on  rock,  alluvium,  bay  mud, 
or  land  fill  over  an  elongated  area  extending  northward 
from  Gilroy  to  Richmond  in  the  eastern  San  Francisco  Bay 
Area.  Table  1  gives  the  locations  of  the  recording  sites  and 
the  recorded  horizontal  peak  ground  accelerations.  A  major 
problem  associated  with  evaluating  the  site-dependent 
response  spectra  is  in  the  classification  of  the  site  itself.  One 
possible  method  is  to  classify  the  recording  sites  according 
to  their  shear  wave  velocity.  Unfortunately,  for  most  sites 
the  measurements  of  shear  wave  velocity  are  not  available, 
nor  are  details  available  of  any  other  subsurface  soil 
properties  at  the  sites.  Researchers  have,  therefore,  used  the 
limited  site  geologic  information  and  their  experience  to 
classify  the  recording  sites.  As  we  would  expect,  different  „ 
researchers  have  different  classifications. 

In  this  study,  preliminary  site  classification  was  made 
using  available  surface  geologic  information  for  each  site. 
We  then  compared  the  observed  response  spectral  shapes 
with  the  corresponding  UBC  design  spectral  shape  for  the 
site.  As  a  result,  some  sites  had  to  be  reclassified.  Table  1 
shows  the  final  classification  of  the  twenty-one  recording 
sites.  There  were  nine  Type  SI  sites,  six  Type  S2  sites,  and 
six  Type  S3  sites.  All  bay  mud  or  land  fill  sites  were 
classified  as  Type  S3  sites.  Most  rock  and  alluvium  sites 
were  classified  as  Type  SI  or  S2  sites.  However,  not  all  rock 
sites  were  classified  as  Type  SI  sites,  and  not  all  alluvium 
sites  were  classified  as  Type  S2  sites.  A  few  rock  and 
alluvium  sites  even  had  Type  S3  spectral  shapes.  This 
shows  once  again  that  the  biggest  challenge  associated  with 
selecting  a  site-specific  spectral  shape  is  in  the  site  classifi- 
cation itself. 

Figures  1,  2,  and  3  show  the  normalized  5%-damped 
acceleration  response  spectral  shapes  of  individual  records 
obtained  in  the  eastern  San  Francisco  Bay  Area  from  the 
Loma  Prieta  earthquake  at  nine  Type  SI  sites,  six  Type  S2 
sites,  and  six  Type  S3  sites,  respectively.  The  corresponding 
mean  and  mean  ±one  standard  deviation  spectral  shapes  are 
also  shown  in  the  figures.  A  standard  deviation  was 
computed  for  each  period  from  the  normalized  response 
spectral  shapes.  It  is  evident  that  the  dispersion  in  the 
spectral  shape,  as  defined  by  the  mean  ±one  standard 
deviation  curves,  can  be  attributed  to  the  dominant  spectral 
peaks  and  troughs  of  individual  records. 

Figures  4,  5,  and  6  compare  the  observed  mean  and  mean 
±one  standard  deviation  spectral  shapes  with  the  UBC 
design  spectral  shape  for  Type  SI  sites,  Type  S2  sites,  and 
Type  S3  sites,  respectively.  Each  figure  shows  that  the  UBC 
design  spectral  shape  envelops  the  corresponding  observed 
mean  spectral  shape  over  most  of  the  period  range.  This 
indicates  that  the  UBC  design  spectral  shapes  are  on  the 
average  adequate  for  all  three  types  of  sites  in  the  eastern 
San  Francisco  Bay  Area  for  this  earthquake. 
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The  individual,  mean,  and  meanjtone  standard 
deviation  normalized  5%-damped  acceleration 
response  spectral  shapes  for  the  Loma  Prieta 
earthquake  records  from  nine  UBC  Type  SI  sites 
in  the  eastern  San  Francisco  Bay  Area. 
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Figure  2.   The  individual,  mean,  and  mean±one  standard 
deviation  normalized  5%-damped  acceleration 
response  spectral  shapes  for  the  Loma  Prieta 
earthquake  records  from  six  UBC  Type  S2  sites 
in  the  eastern  San  Francisco  Bay  Area. 
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Figure  3.   The  individual,  mean,  and  mean±one  standard 
deviation  normalized  5%-damped  acceleration 
response  spectral  shapes  for  the  Loma  Prieta 
earthquake  records  from  six  UBC  Type  S3  sites 
in  the  eastern  San  Francisco  Bay  Area. 
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sites  in  the  eastern  San  Francisco  Bay  Area  with 
the  corresponding  UBC  design  spectral  shape. 
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Figure  5.  Comparison  of  the  mean  and  mean±one  standard 
deviation  response  spectral  shapes  for  the  Loma 
Prieta  earthquake  records  from  six  UBC  Type  S2 
sites  in  the  eastern  San  Francisco  Bay  Area  with 
the  corresponding  UBC  design  spectral  shape. 


Noturol  Period  (sec) 
Figure  6.  Comparison  of  the  mean  and  meanjtone  standard 
deviation  response  spectral  shapes  for  the  Loma 
Prieta  earthquake  records  from  six  UBC  Type  S3 
sites  in  the  eastern  San  Francisco  Bay  Area  with 
the  corresponding  UBC  design  spectral  shape. 
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PRACTICAL  METHODS  FOR  IDENTIFYING  SITE- 
SPECIFIC  DOMINANT  SPECTRAL  PEAKS 

Although  we  have  analyzed  the  strong-motion  records  from  the 
Loma  Prieta  earthquake  to  show  the  general  applicability  of  the  UBC 
site-dependent  design  spectral  shapes  for  Types  SI,  S2,  and  S3  sites 
in  the  eastern  San  Francisco  Bay  Area,  we  should  not  overlook  the 
need  to  identify  the  site-specific  dominant  spectral  peaks  that  could 
significantly  exceed  the  UBC  design  spectrum.  This  is  important 
because  the  effects  of  possible  overlapping  between  these  site 
spectral  peaks  with  the  structural  periods  need  to  be  considered.  If 
necessary,  these  spectral  peaks  can  be  accommodated  either  by 
avoiding  overlapping  structural  periods  or  by  increasing  the  design 
spectral  level  near  these  peaks. 

In  the  following,  we  demonstrate  the  potential  of  two  practical 
methods  based  on  SHAKE  analyses  and  microtremor  measurements 
for  identifying  site-specific  dominant  spectral  peaks,  by  comparing 
available  results  from  the  methods  for  one  site  with  a  nearby 
strong->motion  record  from  the  Loma  Prieta  earthquake. 

CHARACTERIZATION  OF  SITE  RESPONSE  BY 
SHAKE  ANALYSES 

The  computer  program  SHAKE  (Schnabel  and  others,  1972)  has 
been  widely  used  since  its  inception  for  evaluating  the  effect  of  local 
soil  conditions  on  ground  response  due  to  seismic  shear  waves.  Seed 
and  Sun  (1989)  used  this  program  to  analyze  the  response  spectra  for 
three  sites  around  the  San  Francisco  Bay  from  magnitudes  7-1/4  and 
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Figure  8.  Comparison  of  the  5% — damped  acceleration 
response  spectra  for  the  Ravenswood  site: 

(a)  Observed  from  the  Loma  Prieta  earthquake, 

(b)  Computed  from  SHAKE  analyses  (after  Seed  and 
Sun,  1989). 
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Figure  7.  Results  of  ground  response  analyses  by  SHAKE  for  the  Ravens- 
wood  site  from  a  magnitude  7—1/4  earthquake  at  a  distance  of  about  six 
miles  (after  Seed  and  Sun,  1989). 


8+  earthquakes  near  San  Francisco  Bay  Area.  One 
site  at  Ravenswood  was  selected  for  this  study 
because  a  strong-motion  record  from  the  Loma 
Prieta  earthquake  obtained  at  a  nearby  recording  site 
at  the  west  end  of  Dumbarton  Bridge  was  available 
for  comparison. 

Figure  7  shows  the  results  of  SHAKE  analyses  for 
the  site  from  a  magnitude  7-1/4  earthquake  at  a 
distance  of  about  six  miles,  together  with  the  soil 
profile  for  the  site.  The  computed  5%-damped 
horizontal  acceleration  response  spectrum  at  the 
ground  surface  contains  a  dominant  peak  at  period 
about  0.7  seconds. 

Figure  8a  shows  the  actual  and  the  normalized  5%- 
damped  acceleration  response  spectra  for  the  three 
components  of  ground  motion.  The  horizontal 
spectra,  especially  that  of  the  Component  267,  have 
a  dominant  peak  at  period  about  0.75  seconds.  This 
period  closely  coincides  with  the  analytical  results  of 
Seed  and  Sun  (1989)  obtained  before  the  earthquake, 
as  shown  in  Figure  8b.  This  example  demonstrates 
that  it  is  possible  to  identify  site-specific  dominant 
spectral  peaks  associated  with  shear  waves  by 
performing  SHAKE  analyses  based  on  local  soil 
profile  for  the  site. 
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Figure  9.  Comparison  of  the  average  horizontal  Fourier 
amplitude  spectra  observed  at  the  Ravenswood  site  from 
microtremors  and  the  Loma  Prieta  earthquake. 


IDENTIFICATION  OF  THE  DOMINANT 

SPECTRAL  PEAKS  BY  MICROTREMOR 

MEASUREMENTS 

The  horizontal  response  spectra  shown  in  Figure  8a 
contain  a  second  dominant  peak  at  period  about  1.9  seconds. 
This  peak  was  not  reproduced  by  the  SHAKE  analyses  of 
Seed  and  Sun  (1989)  either  because  it  was  from  resonance 
of  shear  waves  due  to  deeper  structure  than  what  was 
represented  by  their  site  model,  or  because  it  was  from 
surface  waves  for  which  the  SHAKE  analysis  can  not 
reproduce  because  the  computer  program  includes  in  its 
formulation  only  shear  waves,  but  not  surface  waves.  The 
alternative  interpretation  as  surface  waves  is  possible 
because  a  similar  spectral  peak  was  also  present  in  the 
vertical  component,  although  at  lower  amplitudes.  In  any 
case,  this  dominant  spectral  peak  was  identified  through 
measurements  of  microtremors  as  discussed  below. 

Microtremors  are  small-amplitude  ground  vibrations, 
arising  from  many  disturbances  of  the  environment,  such  as 
wind,  sea  waves,  distant  storms,  traffic  and  various  vibra- 
tions caused  by  the  activities  of  man.  These  disturbances 


have  a  wide  range  of  periods,  some  pertaining  to  the  sources 
and  other  to  the  site  response.  By  exploiting  these  omnipres- 
ent, albeit  small-  amplitude  microtremors,  it  is  possible  to 
identify  the  dominant  spectral  peaks  in  site  response. 

We  used  a  PC-based  seismic  data  acquisition  system  (Lee 
and  others,  1989)  to  record  the  three-component 
microtremors  near  the  CSMIP  strong-motion  recording  site 
at  Ravenswood  shortly  after  midnight  on  May  25,  1991. 
Microtremors  recorded  at  the  time  were  relatively  free  of 
local  disturbances  and  were  primarily  consisted  of  surface 
waves.  The  results  are  shown  in  Figure  9.  The  dashed  line  in 
the  figure  shows  the  average  scaled  Fourier  amplitude 
spectrum  of  the  recorded  horizontal  microtremors.  It  has  a 
dominant  peak  at  period  about  2.05  seconds.  The  solid  line 
in  the  figure  shows  the  average  scaled  Fourier  amplitude 
spectrum  of  the  same  horizontal  acceleration  time  histories 
whose  response  spectra  are  shown  in  Figure  8a.  The  strong- 
motion  spectrum  has  a  dominant  peak  at  period  about  1.95 
seconds,  in  addition  to  the  dominant  spectral  peaks  centered 
at  period  about  0.8  seconds,  which  was  accounted  for  by  the 
SHAKE  analyses,  as  discussed  previously.  Figure  9  shows 
that  the  dominant  spectral  peak  at  period  about  2  seconds  in 
the  earthquake  strong --motion  record  can  be  identified  by 
measuring  the  microtremor  spectra. 

CONCLUSIONS 

We  have  analyzed  twenty-one  strong-motion  records  from 
the  Loma  Prieta  earthquake  to  show  the  applicability  of  the 
UBC  site-dependent  design  spectral  shapes  for  the  eastern 
San  Francisco  Bay  Area.  The  biggest  challenge  in  selecting 
a  site-specific  UBC  spectral  shape  is  in  the  correct  classifi- 
cation of  the  site.  Surface  geologic  information  alone  would 
not  be  enough  for  this  purpose  because  site  response  to 
seismic  motion  mainly  depends  on  subsurface  soil  proper- 
ties. In  addition,  we  have  also  pointed  out  the  need  to 
identify  the  site-specific  dominant  spectral  peaks  so  that  the 
effects  of  possible  overlapping  of  dominant  site  periods  with 
structural  periods  can  be  considered  in  the  design  process. 
We  have  further  demonstrated  that  it  is  possible  to  identify 
potential  dominant  spectral  peaks  at  a  site  by  performing 
SHAKE  analyses  and  microtremor  measurements  for  the 
site. 

Using  a  strong-motion  record  from  the  Loma  Prieta 
earthquake  obtained  at  a  site  in  Ravenswood  as  an  example, 
we  have  shown  that  SHAKE  analyses  can  be  effective  for 
identifying  dominant  spectral  peaks  associated  with  shear 
waves  at  shorter  periods,  whereas  the  microtremor  measure- 
ments can  be  effective  for  identifying  dominant  spectral 
peaks  at  longer  periods  which  are  likely  associated  with 
surface  waves  .  Accordingly,  the  two  methods  would 
supplement  each  other  to  identify  potential  dominant 
spectral  peaks  in  site  response  associated  with  shear  waves 
and  surface  waves  over  a  wide  range  of  period. 
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Residential  Water  Heater  Damage  in 
Santa  Cruz  from  the  1989  Loma  Prieta  Earthquake 

by 
Leo  M.  Levenson1 


ABSTRACT 

To  obtain  data  on  the  extent  of  earthquake  damage  to  residential  water  heaters,  and  the  effectiveness  of 
prevailing  water  heater  restraint  methods,  we  surveyed  299  randomly-selected  people  who  lived  in  the  City 
of  Santa  Cruz,  California,  at  the  time  of  the  1 989  Loma  Prieta  Earthquake.  1 3%  of  the  respondents'  water 
heaters  suffered  damage  from  the  earthquake,  most  commonly  water  leaks  costing  under  $50  to  repair.  Two 
percent  of  the  water  heaters  suffered  gas  leaks.  No  water  heater  related  fires  were  reported  in  our  sample  or 
in  the  City  of  Santa  Cruz  following  the  earthquake.  Repair  costs  for  solar  water  heater  systems  averaged 
over  $600  per  damaged  system.  The  sample  revealed  no  quantifiable  reduction  in  earthquake  damage 
associated  with  reported  prior  water  heater  strapping  with  plumbers  tape.  Further  studies  are  needed  to 
compare  the  effectiveness  of  different  water  heater  restraint  methods,  and  to  identify  factors  that  contribute 
to  ignition  in  water  heater  related  fires. 


INTRODUCTION 

Reconnaissance  reports  following  earthquakes  have 
provided  descriptions  of  water  damage,  gas  leaks  and 
associated  fires  resulting  from  overturned  water  heater  tanks 
(Schiff,  1988).2    Earthquake  preparedness  professionals 
have  long  advised  that  people  secure  their  water  heaters. 
Until  recently,  the  most  common  method  recommended  for 
securing  water  heaters  was  to  strap  the  units  with  flexible 
metal  plumbers  tape  (Yanev,  1974).  Within  the  past  five 
years,  fears  that  plumbers'  tape  strapping  is  not  sufficient  to 
prevent  significant  shaking  and  pipe  damage  have  led  to 
recommendations  that  water  heaters  be  secured  to  walls  by 
rigid  connections,  such  as  with  metal  conduit  piping. 
Schematics  of  these  two  securing  methods  are  shown  in 
Figure  1.  The  California  Office  of  the  State  Architect  (1992) 
has  approved  versions  of  both  methods  for  new  water  heater 
installations. 

Reports  of  water  heater  damage  following  earthquakes 
have  been  anecdotal  in  nature,  with  no  widely  available 
statistics  to  help  determine  the  seriousness  of  water  heater 
damage  and  the  effectiveness  of  water  heater  strapping 
methods.  To  begin  obtaining  such  data,  we  conducted  a 
telephone  survey  of  a  random  sample  of  299  people  living 
in  or  near  the  City  of  Santa  Cruz  during  the  Loma  Prieta 
Earthquake  of  October  17,  1989. 


During  the  7.1  Richter  magnitude  Loma  Prieta  Earth- 
quake, the  City  of  Santa  Cruz  experienced  a  mainshock 
lasting  from  7-10  seconds,  with  shaking  ranging  in  intensity 
from  VII- VIII  on  the  Modified  Mercalli  Scale  (State/Federal 
Hazard  Mitigation  Survey  Team,  1990).  Since  earthquake 
shaking  patterns  vary  greatly  from  event  to  event,  the 
conclusions  drawn  from  this  survey  can  only  be  considered 
preliminary  until  they  are  confirmed  or  modified  by  similar 
empirical  research  on  other  earthquakes. 

SURVEY  METHODS 

We  obtained  our  sample  of  telephone  numbers  from  the 
1990-1991  Santa  Cruz  County  Pacific  Bell  telephone  book 
(white  pages).  Starting  from  the  third-to-last  page  of 
numbers  and  continuing  backwards  with  every  third  page, 
we  selected  every  third  telephone  number  with  an  associated 
City  of  Santa  Cruz  address  that  appeared  to  be  a  residence. 
We  skipped  university  dormitory  and  marina  addresses. 

Respondents  were  dropped  from  the  survey  if  they  did  not 
wish  to  participate,  could  not  speak  English,  did  not  live  in 
Santa  Cruz  at  the  time  of  the  earthquake,  or  if  they  did  not 
own  a  water  heater  at  the  time  of  the  earthquake.  Telephone 
numbers  were  dropped  from  the  survey  after  two  attempts 
failed  to  obtain  a  response.  We  telephoned  850  numbers, 
resulting  in  299  completed  surveys,  for  a  response  rate  of 


'U.C.  Berkeley  Graduate  School  of  Public  Policy.  Communications  should  be  addressed  to  1135  Talbot  Ave.,  Albany,  CA  94706 
2Most  U.S.  residential  water  heating  units  include  tanks  containing  at  least  30  gallons  of  stored  water.  Throughout  this  paper,  the  term  "water  heater"  will 
refer  to  such  units.  "Demand"  or  "instantaneous"  water  heaters,  which  contain  little  or  no  stored  water,  are  much  less  likely  to  suffer  earthquake 
damage,  but  are  rarely  found  in  the  United  States. 
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A.  Tape  method.  3/4"  X  24  gauge  perforated  steel  plumbers 
tape  wrapped  around  the  water  heater  and  fastened  to 
studs  or  concrete  wall.  Very  easy  to  install.  Should  prevent 
the  water  heater  from  falling  over,  but  does  not  prevent 
substantial  rocking  and  potential  pipe  damage  during  an 
earthquake.  Wood  and  gypsum  wallboard  spacers  may  be 
inserted  between  the  water  heater  and  the  wall  to  reduce 
rocking,  but  this  requires  additional  time  and  skill.  Drawing: 
California  Office  of  the  State  Architect  (1992). 


B.  Rigid  Conduit  Method.  1/2"  diameter  thinwall  (EMT) 
conduit  with  flattened  ends,  fastened  to  studs  (or 
concrete  wall)  and  to  a  3/4"  X  24  gauge  perforated  steel 
plumbers  tape  strap  around  the  water  heater.  This 
provides  rigid  connections  between  the  water  heater  and 
the  wall.  The  conduit  method  provides  a  more  secure 
restraint  than  the  tape  method,  but  is  more  complicated 
and  time-consuming  to  install  (see  text)  Drawing:  U.S. 
Geological  Survey  (1990). 


Figure  1    Tape  and  condurit  water  heater  restraints.  Both  methods  are  disigned  for  water  heaters  up  to 
50  gallons,  located  close  to  a  wall. 
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35%.  Of  people  who  answered  the  phone,  66%  were  willing 
and  able  to  complete  the  survey.  A  copy  of  the  question- 
naire is  available  on  request  from  the  author. 

RESULTS 

Reported  Water  Heater  Strapping  and  Enclosure 
Rates 

Of  the  299  respondents  38  (13%  +/-  4%)3  reported  that 
their  water  heaters  suffered  damage  during  the  earthquake 
(Table  1).  101  (34%  +-  5%)  of  the  respondents  reported  that 
their  water  heaters  were  strapped  prior  to  the  earthquake.  An 
additional  73  (24%  +/-  5%)  reported  that  their  water  heaters 
were  enclosed  in  cupboards.  There  was  no  significant 
difference  in  the  proportion  of  damaged  and  undamaged 
water  heaters  that  were  reported  to  have  been  strapped  with 
one  or  two  straps,  or  enclosed  in  cupboards. 

Water  Heater  Damage  Profile 

The  38  damaged  water  heaters  included  31  gas  water 
heaters,  three  electric,  and  four  solar-powered  water  heaters 
(Table  2).  32  water  heaters  suffered  water  leaks  (11%  +/- 
4%)  and  six  suffered  gas  leaks  (2%  +/-  1.6%),  including 
some  water  heaters  that  suffered  both  types  of  leaks  at  once. 
Other  types  of  damage  included  legs  breaking,  and  solar- 
heated  storage  tanks  falling  off  their  supports. 

Of  the  23  respondents  reporting  damaged  gas  or  electric 
water  heaters  who  knew  their  repair  costs,  15  reported  costs 
under  $50,  two  reported  costs  of  $50-$99,  two  reported 
costs  of  $200-$300,  and  four  reported  costs  of  $300-$500. 
The  average  reported  repair  cost  was  $110.  Spreading  the 
reported  gas  and  electric  water  heater  repair  costs  over  all 
299  respondents,  including  those  with  undamaged  water 
heaters,  gives  an  average  cost  of  $13  per  household.4  These 
self-reported  repair  costs  do  not  include  any  valuation  of  the 
respondents'  time  spent  and  aggravation  endured  while 
fixing  the  water  heater. 

Of  the  four  respondents  reporting  damaged  solar  systems, 
two  reported  repair  costs  over  $1,000,  one  reported  costs 
between  $500  and  $1,000,  and  one  reported  costs  under  $50, 
providing  an  average  reported  repair  cost  of  over  $600. 

Comparison  of  Damage  to  Secured  and  Unsecured 
Water  Heaters 

The  average  damage  cost  was  $130  for  previously 
strapped  water  heaters  and  $110  for  previously  unstrapped 
water  heaters.  Two  (17%)  of  the  12  strapped  water  heaters 
and  four  (20%)  of  the  20  unstrapped  water  heaters  suffered 
more  than  $200  damage.  These  differences  in  damage  costs 
are  not  significant. 


Table  1.   Strapping  and  Enclosure  Rates  for  Damaged  and 
Undamaged  Water  Heaters. 


Damaged 

Undamaged 

Total 

All  Water  Heaters 

#       %" 

#        %* 

§ 

%" 

38   100% 

261     100% 

299 

100% 

Total  Strapped 

14     37% 

87      33% 

101 

34% 

Strapping  Method 

One  strap 

4     11% 

20        8% 

24 

8% 

2  Straps 

7     18% 

40       15% 

47 

16% 

Other  or  don't  know 

3       8% 

27       10% 

30 

10% 

In  cupboard,  but  not 

known  to  have 

been  strapped 

9     24% 

64      25% 

73 

24% 

Not  known  to  have 

been  strapped  or 

in  cupboard 

15     39% 

110      42% 

125 

42% 

NOTES 

*  of  the  total  water  heaters  in  the  given  category  (column). 

No  differences  between  damaged  and  undamaged 

water  heaters 

are  significant  at  the  95%  confidence  level 

Table  2.   Profile  of  Damaged  Water  Heaters  -  reported  leaks  and 

repair  costs. 

Water  Heater  Type 

Strapped? 

Total  Damaged 

Gas    Electric  Solar 

Yes      No      DK 

Total 

31           3          4 

14       22        2 

38 

Gas  Leaks 

6        NA       NA 

2         4        0 

6 

Water  Leaks 

26           3          3 

11        20         1 

32 

Repair  Cost: 

$0-$50 

13           2           1 

5       31         1 

16 

$50-$100 

2            0           0 

0         2        0 

2 

$100-$200 

0            0           0 

0          0         0 

0 

$200-8299 

2            0           0 

0          2         0 

2 

$300-$499 

3            1            1 

2          2         1 

5 

$500-$999 

0            0           0 

0          0         0 

0 

$1,000+ 

0            0           2 

1           1         0 

2 

DK 

110           0 

5          5         1 

11 

Average  Cost* 

$110      $150     $610 

$240    $140  $210 

$190 

Average  cost, 

not  including  solar 

$110      $150        NA 

$130    $110  $210 

$110 

NOTES 

WH=Water  Heater,  DK=Don't  Know,  NA=Not  Applicable. 

*Estimated  using  repair  cost  range  midpoints,  leaving  out 

units 

with  unknown  costs,  and  counting  "$1 ,000+  category  as  i 

!1,000. 

Of  the  six  reported  water  heater  gas  leaks,  two  were  in 
houses  that  were  badly  enough  damaged  to  be  condemned 
following  the  earthquake.  In  these  two  cases,  restraints 
might  not  have  been  expected  to  make  a  difference.  Of  the 
remaining  four  water  heaters  with  gas  leaks,  one  of  the 
water  heaters  had  reportedly  been  secured  prior  to  the 


^5%  confidence  intervals  are  used  throughout. 

4This  calculation  assumes  that  the  distribution  of  damage  among  the  people  who  did  not  know  their  water  heater  repair  cost  was  the  same  as 
among  those  who  knew  the  cost,  and  that  the  proportion  of  people  with  solar  water  heaters  in  the  total  sample  was  the  same  as  in  the 
damaged  water  heater  sample. 
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earthquake,  and  three  had  not.  These  numbers  are  too  small 
to  draw  any  conclusions  about  the  effectiveness  of  restraints 
at  preventing  water  heater  gas  leaks  in  the  earthquake. 

In  order  to  test  whether  restraints  might  have  helped 
prevent  damage  in  cases  of  lighter  shaking  but  not  in 
heavier  shaking,  we  looked  at  the  subsamples  of  houses 
with  and  without  reported  foundation  damage  (figures  not 
shown).  In  each  case,  prior  securing  appeared  to  have  no 
significant  effect  on  preventing  gas  or  water  pipe  leakage. 

TYPES  OF  WATER  HEATER  RESTRAINTS  AND 
ATTACHED  PIPING 

Of  the  14  damaged  water  heaters  that  were  reported  to 
have  been  restrained,  at  least  1 1  (79%)  were  strapped  with 
one  or  two  straps  of  flexible  metal  strapping  (plumbers 
tape).  According  to  respondents'  descriptions,  some  secured 
water  heaters  were  damaged  after  straps  broke  loose  from 
the  wall.  In  other  cases,  restraints  held,  but  the  water  heater 
still  moved  sufficiently  to  cause  pipe  leaks,  break  a  leg,  or 
damage  adjacent  walls. 

Respondents  were  asked  whether  the  gas  and  water  lines 
connected  to  their  water  heaters  were  made  of  flexible  or 
rigid  piping.  Leaks  occurred  from  both  types  of  pipes 
(figures  not  shown).  Many  respondents  were  unable  to 
report  what  type  of  pipes  were  connected  to  their  water 
heaters.  The  data  are  insufficient  to  make  comparisons 
between  the  probability  or  extent  of  damage  associated  with 
flexible  and  rigid  pipe  material. 

FIRE  RISK  FROM  WATER  HEATER  GAS  LEAKS 

No  fires  associated  with  the  earthquake  were  reported  by 
our  sample  households.  In  addition,  representatives  of  the 
City  of  Santa  Cruz  Fire  Department  reported  no  knowledge 
of  any  fires  occurring  in  the  City  from  the  earthquake  that 
were  attributed  to  water  heater  gas  leaks  (Oral  communica- 
tion, Santa  Cruz  Fire  Department,  August  1991). 

Using  1990  census  information,  and  assuming  at  least  one 
water  heater  per  occupied  residential  unit  (excluding 
buildings  with  five  or  more  units,  which  are  more  likely  to 
have  centralized  hot  water),  we  estimate  that  there  were  at 
least  14500  water  heaters  in  the  City  of  Santa  Cruz  at  the 
time  of  the  Loma  Prieta  earthquake  (U.S.  Bureau  of  the 
Census,  1991).  Generalizing  from  our  survey  findings  that 
2%  (+/-  1 .6%)  of  our  sample's  water  heaters  suffered  gas 
leaks,  suggests  that  in  the  neighborhood  of  60-500  water 
heater  gas  leaks  occurred  in  Santa  Cruz,  without  a  single 
known  fire  resulting. 


DISCUSSION 

This  study  could  not  find  quantifiable  benefits  associated 
with  the  prevailing  methods  used  to  secure  water  heaters  in 
Santa  Cruz,  in  1989.  As  expected,  the  common  securing 
method  of  plumbers  tape  strapping  was  not  sufficient  to 
prevent  some  pipe  leaks  and  other  damage  from  occurring. 
However,  most  damage  associated  with  residential  water 
heaters  reported  in  our  survey  was  relatively  easy  and 
inexpensive  to  repair.  The  probability  of  fires  igniting  from 
gas  leaks  from  residential  water  heaters  appears  to  be  very 
low. 

This  study  suffers  from  several  limitations  that  reduce  the 
generalizability  of  its  results.  Earthquakes  lasting  longer  or 
with  more  severe  shaking  than  the  Loma  Prieta  event  might 
cause  a  different  pattern  of  water  heater  damage  and  reveal 
greater  protection  offered  by  water  heater  restraints.  The 
study  could  not  determine  whether  much  of  the  damage  to 
secured  water  heaters  might  have  been  prevented  by  better 
installation  or  the  replacement  of  rigid  gas  and  water  lines 
with  flexible  piping. 

By  itself,  this  survey  cannot  answer  the  question  of 
whether  people  should  be  advised  to  install  rigid  restraint 
systems  for  their  water  heaters,  such  as  the  "conduit"  design 
by  developed  by  EQE,  Inc.  (1989).  Although  the  "conduit" 
design  involves  inexpensive  materials,  it  takes  much  longer 
to  install  and  requires  more  tools  than  the  plumbers  tape 
method.  A  community  group  that  retrofitted  70  water 
heaters  with  conduit-method  restraints,  reported  an  average 
retrofit  cost  per  water  heater  (including  labor  and  overhead) 
of  $120  (Levenson,  1991).  Thus,  the  potential  cost  of  the 
conduit  method  for  a  people  who  cannot  install  it  by 
themselves  is  nearly  10  times  higher  than  the  $13  average 
cost  of  water  heater  damage  among  all  of  the  respondents  in 
this  survey.  Only  a  very  small  percentage  of  the  water 
heaters  suffered  damage  costing  more  than  $100. 

How  much  effort  and  money  to  spend  on  water  heater 
strapping  will  be  a  matter  of  personal  attitudes  toward  risk, 
and  the  particular  hazards  posed  by  individual  water  heater 
units.  More  than  one  major  earthquake  could  occur  during 
the  lifetime  of  a  water  heater.  Carefully  installed  rigid  water 
heater  restraints  will  make  the  most  sense  whenever  water 
damage  from  a  broken  pipe  would  be  especially  costly,  such 
as  for  units  located  near  electrical  equipment  or  on  upper 
floors,  and  when  gas  leaks  would  pose  a  heightened  fire 
risk,  such  as  for  units  in  mobile  homes  and  poorly  ventilated 
enclosures. 


1992 


PROCEEDINGS  OF  THE  SECOND  CONFERENCE 
ON  EARTHQUAKE  HAZARDS  IN  THE  EASTERN  SAN  FRANCISCO  BAY  AREA 


485 


Even  though  this  study  could  not  quantify  any  significant 
benefit  from  prevailing  methods  of  simple  plumbers  tape 
strapping,  common  sense  indicates  that  well-installed  straps 
should  reduce  the  probability  of  a  water  heater  overturning. 
Plumbers  tape  strapping  is  cheap  and  easy  for  almost 
anyone  to  install.  Based  on  this  study,  my  opinion  is  that 
plumbers  tape  strapping  makes  sense  for  water  heaters  in  the 
majority  of  circumstances  where  water  leaks  that  might 
occur  would  not  cause  too  much  damage,  and  where  gas 
leaks  would  be  likely  to  dissipate  without  igniting. 

An  unexpected  finding  was  the  expensive  damage  to  solar 
water  heaters,  averaging  over  $600  per  damaged  system. 
Installers  of  solar  water  heater  systems  should  be  aware  of 
the  need  to  protect  water  tanks  against  seismic  forces. 

Further  studies  will  be  necessary  to  determine  whether 
these  preliminary  findings  on  water  heater  damage  costs, 
fire  risks,  and  strapping  effectiveness  are  confirmed  in 


future  earthquakes.  On-site  inspections  following  earth- 
quakes of  random  samples  of  homes  would  be  especially 
useful  to  develop  a  picture  of  the  hazards  posed  by  particu- 
lar water  heater  configurations  and  the  effectiveness  of 
different  securing  methods. 
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Strategy  for  Reducing  Earthquake  Vulnerability  of 
In-place  Gas  and  Electric  Systems 

by 
William  U.  Savage1,  Edward  N.  Matsuda2,  and  Lloyd  S.  Cluff3 


ABSTRACT 

Pacific  Gas  and  Electric  Company  (PG&E)  operates  complex  systems  of  natural  gas  transmission  and 
distribution  and  electric  power  generation,  transmission,  and  distribution  in  northern  and  central  California. 
These  systems  have  been  designed,  constructed,  and  maintained  since  the  early  part  of  this  century  to  meet 
the  service  needs  of  our  customers.  The  seismic  design  criteria  used  for  these  facilities  have  varied  with  time. 
In  our  current  construction  practice,  we  use  up-to-date  seismic  codes  and  earthquake  engineering  evalua- 
tions; however,  the  construction  of  new  facilities  is  not  as  extensive  as  during  past  decades  of  rapid  growth. 
Thus  the  potential  for  earthquake-caused  damage  in  coming  years  is  dominated  by  the  vulnerabilities  of  older 
existing  systems.  PG&E  has  implemented  a  long-term  strategy  to  reduce  earthquake  vulnerabilities  of  our 
gas  and  electric  systems,  thereby  increasing  the  post-earthquake  availability  and  reliability  of  utility  service. 
This  strategy  has  five  major  elements,  which  are  consistent  with  the  California  Public  Utilities  Commission 
regulations  and  the  California  Seismic  Safety  Commission's  1992  edition  of  "California  at  Risk". 

1 .  Classify  gas  and  electric  system  elements  ion  terms  of  their  vulnerability  to  earthquake  damage  and  their 
importance  in  providing  post-earthquake  utility  service.  Earthquake  experience  has  identified  certain 
types  and  vintages  of  high-voltage  substation  equipment  and  older  and  more  brittle  gas  distribution 
piping  that  are  vulnerable  to  earthquake  hazards. 

2.  Identify  specific  scenario  earthquakes  that  can  affect  a  relatively  large  area,  potentially  disrupting  the 
operation  of  multiple  utility  facilities.  We  have  focused  our  initial  analyses  on  the  potential  effects  of 
earthquakes  of  magnitude  6.5  or  greater  that  have  a  high  probability  of  occurring  (greater  than  1 0 
percent  chance  in  the  next  30  to  50  years). 

3.  For  each  scenario  earthquake,  estimate  the  likely  utility  system  damage,  using  the  results  of  the  vulner- 
ability evaluations  in  Element  1 .  We  then  identify  the  operational  consequences  of  the  damage,  and  the 
components  having  the  greatest  impact  on  post-earthquake  utility  service. 

4.  Identify,  prioritize,  and  implement  seismic  vulnerability  reduction  measures  (replacing  or  upgrading 
components  or  facilities,  increasing  system  redundancy,  preplanning  emergency  responses  to  bypass 
damaged  components,  and  stockpiling  parts  to  facilitate  replacement)  on  the  basis  of  likelihood  of 
damage  and  the  significance  of  the  damage  to  utility  system  operation. 

5.  Collaborate  with  other  utilities  in  California  and  other  earthquake-prone  areas  to  share  knowledge  and 
expertise  to  achieve  efficiency  in  reducing  earthquake  vulnerabilities,  and  to  coordinate  emergency 
response  resources. 


'Senior  Seismologist,  Geosciences  Department,  Pacific  Gas  and  Electric  Company,  1  California  Street, 
Room  2210,  San  Francisco,  CA  94106 

2  Senior  Civil/Structural  Engineer,  Civil  Engineering  Department,  Pacific  Gas  and  Electric  Company, 
1  California  Street,  Room  433,  San  Francisco,  CA  94106 

3  Manager,  Geosciences  Department,  Pacific  Gas  and  Electric  Company,  1  California  Street,  Room  2206, 
San  Francisco,  CA  94106 
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Home  Construction  Failures  in 

Santa  Cruz  County  Caused  by  the 

Loma  Prieta  Earthquake:  Lessons  for  the  East  Bay 


by 
Roberta  K.  Smith1 


ABSTRACT 

The  October  17,  1989,  Loma  Prieta  earthquake  caused  significant  structural  damage  to  homes  in  Santa  Cruz 
County.  This  damage  related  primarily  to  (1)  geological  setting  and  (2)  construction.  Geologic  settings  which 
greatly  emphasized  shaking  damage  were  (1)  saturated  alluvium  including  river,  beach  and  related  deposits,  (2) 
narrow  mountain  ridge  lines  and  sea  cliffs,  and  (3)  areas  relatively  close  to  the  San  Andreas  fault's  surface  traces, 
especially  in  the  Summit  area  of  the  Santa  Cruz  Mountains,  where  secondary  or  coseismic  faulting  and  landsliding 
(allegedly)  also  occurred.  Ground  failures  on  fill  and  native  ground,  including  liquefaction  and  ridgetop  shattering, 
were  locally  involved  with  structural  damage. 

Types  and  ages  of  home  construction  which  experienced  damage  and  failure  were  diverse  but  exhibited  certain 
identifiable  patterns.  As  expected,  (1)  older  urban  homes  (pre-1950's)  founded  only  on  mudsills  and  low  2x4-inch 
supports,  or  with  no  attachment  to  foundations,  were  commonly  thrown  off  their  foundations.  Many  such  homes 
were  on  flat  lots  and  could  later  be  jacked  up  and  refounded.  (2)  Some  older  mountain-slope  homes  built  on  long, 
unbraced  piers  set  on  pier  blocks  pitched  downhill.  Wood  in  older  homes  also  showed  decay. 

Among  newer  wood-frame  homes  (many  built  to  the  contemporary  Uniform  Building  Code),  most  failures 
involved  (3)  inadequate  attachment  to  perimeter  foundations  (insufficient  bolt  spacing  and  mudsill  quality),  (4) 
inadequate  shear  walls  and  insufficient  shear  resistance  between  foundations  and  floors,  with,  in  some  cases  (5) 
"soft  stories" — e.g.,  garages  incorporated  into  parts  of  homes,  or  (6)  inadequately  shear-resistant  cripple  walls  on 
perimeter  concrete  foundations  that  were  "stepped  down"  to  lower  slopes. 

These  structural  failures  pointed  up  need  for  (1)  stricter  Building  Codes  and/or  enforcement,  and  (2)  consider- 
ation of  a  "Non-uniform"  Code  that  better  acknowledges  the  geologic  diversity  of  building  sites.  Construction 
settings  and  problems  like  those  described  here  may  well  exist  in  the  East  Bay  near  the  Hayward  and  Calaveras 
faults — where  extensive  construction  on  alluvium  and  related  deposits  and  development  on  potentially  unstable  hill 
slopes  continues  to  advance. 

Significant  upgrading  of  construction  requirements  has  taken  place  in  Santa  Cruz  County  as  a  result  of  the 
damage  from  the  Loma  Prieta  earthquake,  and  provides  an  example  for  planners  and  engineers  in  the  East  Bay  to 
follow. 


INTRODUCTION 

The  October  17,  1989  Loma  Prieta  earthquake  of  magni- 
tude 7.1  ruptured  a  25-mile-long  segment  (presumably)  of 
the  San  Andreas  fault,  and  had  an  aftershock  zone  40  miles 
long.  The  mainshock  hypocenter  was  at  a  depth  of  11 
miles;  the  many  aftershocks  were  mainly  shallower,  with 
none  closer  than  4  miles  from  the  surface  (Dietz  and 
Ellsworth,  1990).  Right-lateral  strike  slip  of  6  feet  and 
northeastward  thrusting  of  4  feet  occurred  at  depth,  and  no 
primary  rupture  took  place  at  the  surface.  Ground  shaking 
in  the  mainshock  lasted  15  seconds,  less  than  expected  for 
a  magnitude  7.1  event.  Nevertheless,  the  earthquake 
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caused  significant  structural  damage  to  homes  in  Santa 
Cruz  County.  This  damage  related  primarily  to  (1)  geologi- 
cal setting  and  (2)  construction.  Much  of  the  county  experi- 
enced Modified  Mercalli  Intensities  of  VII-VII1,  with  se- 
vere shaking  intensities  near  the  zone  of  subsurface  rupture, 
on  narrow  ridge-tops,  and  on  weak  (saturated)  sediments. 
Although  recorded  peak  horizontal  and  vertical  ground  ac- 
celerations measured  no  more  than  0.6  g,  many  people  re- 
ported heavy  objects  being  thrown  into  the  air,  suggesting 
that  local  accelerations  exceeded  1  g. 

This  paper  reports  observations  about  the  nature  of  the 
ground  and  structures  that  were  damaged  in  this  earthquake. 
The  observations  provide  useful  insights  for  assessing 
earthquake  risks  to  homes  threatened  by  East  Bay  earth- 
quakes. 
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GEOLOGIC  SETTINGS  OF  STRONG 
SHAKING 

Geologic  settings  which  greatly  emphasized  shaking  damage 
included  (1)  areas  relatively  close  to  the  San  Andreas  fault's 
surface  traces,  especially  the  Summit  area  of  the  Santa  Cruz 
Mountains,  where  secondary  seismically-induced  faulting  and 
landsliding  (allegedly)  also  occurred.  (2)  Another  setting  where 
shaking  damage  was  pronounced  was  unconsolidated  sedi- 
ments, especially  where  saturated.  These  included  alluvium, 
lacustrine  and  fluviatile  sediments,  and  aeolian,  beach  and 
younger  terrace  deposits.  (3)  As  noted  in  some  previous 
earthquakes,  shaking  was  greatly  intensified  on  some  ridge 
lines,  especially  narrow  ridges,  including  some  subridge  spurs. 
(4)  Sea  cliffs,  where  perhaps  "free  faces"  intensified  shaking 
and  failure,  experienced  extensive  rock  falls.  (5)  Small 
tsunamis  occurred  at  Santa  Cruz  Yacht  Harbor  and  Moss 
Landing  Harbor.  Although  no  homes  were  inundated,  shoreline 
homes,  as  well  as  soils  on  which  they  rest,  may  be  at  risk  from 
tsunami  and  seiche  in  harbors,  inlets,  and  lakes.  (6)  Weak  and 
expansive  soils  in  the  Watsonville  and  Santa  Cruz  areas 
suffered  some  settlement,  lurching  and  lateral  spreading. 

Ground  failures  on  fill  and  native  ground,  including  lique- 
faction and  ridgetop  shattering,  were  locally  involved  with 
structural  damage.  In  some  cases  damaging  ground  rupture 
was  related  to  landsliding  and  perhaps  to  secondary  faulting 
triggered  by  the  mainshock.  Locally,  cut  slopes  failed  and  fill 
prisms  settled,  ruptured  and  failed. 

Sloping  topography,  by  itself,  did  not  exaggerate  shaking 
and  appeared  no  more  hazardous  (except  for  landslide  poten- 
tial) than  naturally  flat  settings.  However,  where  residential 
structures  were  sited  on  slopes,  they  were  at  increased  risk 
because  of  greater  seismic  demand  to  design  capacity  for  their 
foundations  or  for  the  cut  and  fill  slope  modifications  in  this 
setting. 

RESIDENTIAL  CONSTRUCTION  DAMAGE 

The  types  and  ages  of  residential  construction  which 
experienced  damage  and  failure  were  diverse  but  exhibited 
certain  identifiable  patterns.  Structural  weaknesses  were 
mainly  in  foundations  and  cripple  walls  or  soft  stories.  Their 
failures  reflected  inadequate  resistance  to  both  vertical  and 
horizon-tal  ground  accelerations. 

Most  homes  in  Santa  Cruz  County  are  wood-framed  and 
many  are  all  wood,  commonly  excepting  the  foundations.     We 
observed  failures  in  both  old  and  newer  homes  of  this  type.  To 
consider  first  the  older  homes,  (1)  older  urban  homes  (pre- 
1950)  were  often  founded  only  on  mudsills  and  low  2x4-inch 
supports  or,  when  on  a  foundation,  they  had  little  or  no 
attachment  to  it  and  little  shear  resistance.  Many  homes  which 
had  not  been  upgraded  were  thrown  off  their  foundations. 
Many  of  these  homes  were  on  flat  lots  and  could  later  be 
jacked  up  and  refounded. 


(2)  Many  older  mountain-slope  homes  were  built  on 
unbraced,  wooden  2x4-inch  to  6x6-inch  piers  set  on  pier 
blocks.  Commonly,  the  front  or  back  of  the  house  was  at 
ground  level,  with  the  sides  increasingly  above  the  ground  as 
the  slope  descended.  In  many  cases,  diagonal  cross-bracing 
between  piers  was  insufficient  or  lacking.  Some  unbraced 
homes  pitched  downhill  in  the  earthquake.  Wood  in  many  of 
these  older  homes  also  showed  decay. 

Among  newer  (post- 1950)  wood-frame  homes,  most 
failures  also  involved  foundations  and  cripple  walls,  although 
some  differences  from  the  style  of  damage  in  older  homes 
were  notable.  Many  of  the  newer  homes  built  to  current 
Uniform  Building  Code  were  damaged,  even  though  they  had 
a  perimeter  concrete  foundation  with  the  wood  frame  bolted 
to  it.  (3)  Inadequate  attachment  to  the  perimeter  foundations  ^ 
by  too  great  a  bolt  spacing  and  poor  mudsill  quality  com- 
monly resulted  in  detachment  of  the  frame  from  the  founda- 
tion. Mudsills  of  poor  quality  splintered  in  some  cases,  and 
bolts  pulled  through  them.  In  numerous  cases  there  were  (4) 
inadequate  shear  walls  and  insufficient  shear  resistance 
between  foundations  and  floors,  especially  where  cripple 
walls  were  high,  as  in  cases  of  homes  sited  on  slopes.  Cases 
of  insufficient  shear  resistance  included  (5)  homes  with  "soft 
stories"-e.g.,  garages  incorporated  into/under  parts  of 
multistory  homes.  In  many  of  these  instances,  shear  wall 
plywood  was  too  thin,  being  grooved  to  3/g-inch  thick  instead 
of  the  recommended  1/2  or  5/g  inch  thick.  In  addition,  shear 
wall  nailing  lacked  close  enough  spacing;  in  many  instances 
nails  were  significantly  over  12  inches  apart  in  the  interior  of 
plywood  sheets  and  8  to  10  inches  apart  on  the  sheet's  edges, 
instead  of  the  recommended  12-  and  6-inch  maximum 
spacing.  (Interestingly,  many  post-earthquake  reinforcements 
involved  attaching  a  second  plywood  shear  wall  to  the  inside 
of  the  exterior  studding  and  between  the  interior  wooden  piers 
set  on  concrete  pier  blocks.)  Another  cause  of  damage  was  (6) 
inadequate  shear-resistance  in  cripple  walls  where  the 
perimeter  concrete  foundation  was  "stepped  down"  to  lower 
ground  levels;  at  these  points  detachments  and  cripple  wall 
failures  commonly  occurred. 

SITE  MODIFICATIONS  RELATED  TO 
HOME  DAMAGE 

Soil  modifications  related  to  site  development  were 
involved  in  some  of  the  residential  earthquake  damage. 
Some  unretained  or  poorly  retained  cut  and  fill  slopes  failed 
during  the  mainshock,  and  some  retaining  structures  proved 
inadequate.  Where  fills  were  insufficiently  compacted, 
fissuring  and  settlement  commonly  resulted.  These  soil 
failures  caused  or  added  to  some  home  damage.  Residences 
experienced  structural  and  ground  failures  that  involved  a 
range  of  site  modifications,  including  access  driveways, 
retaining  walls,  swimming  pools,  secondary  buildings,  water 
storage  tanks,  water  pipes,  septic  systems  and/or  sewers,  gas 
lines,  etc. 
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LESSONS  FOR  THE  EAST  BAY 

These  structural  failures  and  related  damage  in  the  Loma 
Prieta  earthquake  point  up  the  need  for  (1)  a  stricter  Uni- 
form Building  Code  and/or  code  enforcement,  and  (2) 
consideration  of  a  "Non-uniform"  Building  Code — one  that 
better  incorporates  in  its  standards  the  range  of  variation  in 
seismic  hazard  for  specific  geologic  and  geotechnical 
settings.  Settings  and  problems  similar  to  those  in  Santa 
Cruz  County  may  well  exist  in  the  East  Bay  near  the 
Hayward  and  Calaveras  faults.  In  this  area  east  of  San 
Francisco  Bay,  extensive  construction  continues  to  advance 
on  alluvium,  Bay  mud,  and  related  deposits  and  on  poten- 
tially unstable  hill  slopes.  The  lessons  learned  about  home 
construction  failures  from  the  Loma  Prieta  earthquake  may 
well  be  applied  to  the  East  Bay,  where  there  is  high  prob- 
ability of  strong  earthquake  ground  shaking  within  the  next 
30  to  100  years. 

APPLYING  THESE  LESSONS  TO  THE 
PLANNING  PROCESS 

To  make  the  best  use  of  these  lessons  from  home  construc- 
tion failure,  more  attention  should  be  given  to  the  following 
overlapping  considerations  in  evaluating  sites  for  residential 
development: 

•  Ground  condition — the  potential  for  ground  failure  (including 

shaking  intensity  and  liquefaction) — and  the  appropriate 
home  foundation  design. 

•  Earthquake-induced  landslide  potential — especially  in  and 

near  fault  zones  where  ground  shaking  may  be  great — to 
avoid  building  on  potentially  unstable  slopes  and  to  avoid 
creating  unstable  slopes,  as  by  oversteepening  cuts  and 
inadequately  compacting  fills. 

•  Fault  zones — the  1972  Alquist-Priolo  Act  and  post-Loma 

Prieta  earthquake  (1990)  Addendum  thereto  could  be 
improved  to  address  other  geologic  hazards  in  addition  to 
building  on  a  fault  trace  with  rupture  potential. 

•  Narrow  ridge  tops — these  features  proved  to  be  especially 

liable  to  strong  ground  shaking  and  ground  fracturing  and 
shattering — and  thus  should  be  subject  to  more  rigorous  site 
investigations  and  possibly  stricter  building  codes. 

•  Cuts  and  fills — these  site  modifications  need  not  be  hazardous 

and  would  not  be  if  constructed  properly,  but  poor  design 
and  construction  practices  will  continue  to  result  in  slope 
failures  and  damage  to  homes  and  access  roads. 

•  Earth-fill  structures  (dams,  levees,  etc.) — locally  some 

liquefied  and  spread  laterally,  raising  the  danger  of  flood- 
ing— thus  proper  earthwork  is  important  to  residences 
surrounding  and  downstream  from  these  structures. 

•  Seacliffs — sufficient  set  backs  from  sea  cliffs  will  prevent 

home  damage  in  rock  falls. 

•  Shoreline  development  (bays,  inlets,  sloughs,  lakes) — prudent 

siting  will  minimize  damage  to  homes  from  tsunamis  and 
seiches  as  well  as  liquefaction  and  lateral  spreading. 


•  Services,  roads/access,  wells  and  water  systems — with 

major  earthquakes,  residential  electricity  and  water 
systems  are  likely  be  damaged,  and  loss  of  transportation 
access  due  to  road  failures  and  traffic  tie-ups  will  delay 
response  for  repair  and  emergency  services. 

•  "Urban  renewal"  or  preservation — enthusiasm  to  retain 

older  architectural  and  historical  "gems"  must  be  tempered 
with  careful  attention  to  earthquake  safety. 

•  Uniform  Building  Code — perhaps  this  code  should  not  be 

so  "uniform"  but  more  specific  to  common  local  condi- 
tions, such  as  those  on  slopes,  ridge  tops  and  soft  sedi- 
ments where  home  damage  occurred  in  this  recent 
earthquake. 

THE  CONCEPT  OF  "HIGHEST  AND  BEST 
USE"  IN  LAND-USE  PLANNING 

This  concept,  commonly  accepted  by  the  real  estate 
industry  and  development  community,  assumes  that  the 
closest  possible  packing  of  people  and  structures  consistent 
with  the  carrying  capacity  of  the  land  is  desirable.  Is  this 
assumption  valid?  We  should  re-examine  how  we  determine 
the  reasonable  and  economic  carrying  capacity  of  the  land  in 
the  Bay  Area.  Some  terrain  with  particular  topographic, 
geological,  and  soil  characteristics  may  simply  be  better 
retained  for  rangeland,  agriculture,  silviculture,  and 
parkland — rather  than  be  subjected  to  scattered  and  wide- 
spread development  of  homes  and  other  structures,  and  the 
roads  and  utilities  that  serve  them.  Developments  in  such 
areas  may  be  better  "clustered"  in  suitable  settings,  sur- 
rounded by  more  rural  land  uses.  The  Loma  Prieta  earthquake 
raised  this  question — again. 

UPGRADING  CONSTRUCTION  IN  SANTA 
CRUZ  COUNTY 

Significant  upgrading  of  building  standards  has  taken  place 
in  Santa  Cruz  County  as  a  result  of  the  Loma  Prieta  earth- 
quake damage.  For  example,  drilled  (reinforced  concrete)  pier 
and  grade  beam  foundations  are  now  required  on  all  slopes 
>30%.  Flexible  reinforced  concrete  waffle-mat  foundations 
also  are  now  being  employed  in  some  settings.  For  home 
development,  soils  engineering  reports  are  being  routinely 
required  on  slopes  and  ridge  tops,  and  full-scale  geological 
reports  are  now  called  for  in  many  more  settings  than 
previously.  These  improvements  in  home  construction  codes 
and  practices  may  be  appropriate  in  the  East  Bay  as  well. 

RETROFITTING  HOMES  FOR 
EARTHQUAKE  RESISTANCE 

Besides  the  requirements  for  new  construction,  existing 
homes  can  be  structurally  upgraded  and  strengthened.  As 
noted  above,  it  is  often  possible  to  add  shear  wall  elements 
and  pier  and  stud  cross-bracing  to  an  existing  home.  Addi- 
tional bolting  or  strapping  of  the  mudsill  to  the  foundation 
can  be  accomplished.  The  quality  of  mudsill  wood  should 
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be  increased  for  new  homes  but,  meanwhile,  installing 
additional  sill  elements  to  existing  foundations  may  be 
helpful.  Toe  nailing  of  studs  to  sills  can  be  improved.  Nails 
can  be  added  to  reduce  spacing  and  better  attach  plywood 
shear  walls  to  studs.  In  some  cases,  by  jacking  up  houses, 
whole  foundations  can  be  replaced  or  strengthened.  These 
and  other  structural  improvements  can  greatly  increase  the 
earthquake  resistance  of  existing  homes.  Local  programs  to 
implement  or  assist  in  implementing  such  upgrades  should 
be  developed  by  communities. 
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Computerized  Databases  for  Earthquake 
Hazard  Analysis  of  Gas  and  Electric  Systems 

by 
Marcia  K.  McLaren1,  William  U.  Savage1,  and  Frank  A.  Corollo2 


ABSTRACT 

The  assessment  of  earthquake  hazards  for  natural  gas  and  electric  power  systems  in  central  and 
northern  California  is  complex  because  (1)  geologic  conditions  affecting  ground  stability  and  the  severity  of 
strong  ground  motions  vary  greatly  from  place  to  place;  (2)  the  seismic  vulnerabilities  of  gas  and  electric 
system  facilities  (e.  g.,  gas  pipelines  and  compressors,  electric  power  plants  and  substations)  are  highly 
variable;  and  (3)  the  regional  effects  of  a  large-magnitude  earthquake  may  simultaneously  affect  a  number 
of  utility  system  components,  thus  decreasing  system  redundancy.  We  are  using  a  Geographic  Information 
System  (GIS)  to  compile  and  update  mapped  seismic  hazard  data,  and  to  geographically  relate  these  data 
to  Pacific  Gas  and  Electric  Company's  (PG&E)  gas  and  electric  facilities. 

Our  database  includes  the  locations  of  political  boundaries,  rivers,  highways,  and  PG&E  facilities; 
detailed  surface  fault  zone  maps;  and  seismic  hazard  zonation  maps  illustrating  contours  of  potential 
ground  motion  for  specific  scenario  earthquakes  and  the  distribution  of  susceptibility  to  earthquake- 
induced  liquefaction  and  slope  failure.  The  integrated  seismic  hazard  and  facility  location  information 
provides  the  basis  for  identifying  the  exposure  of  facilities  to  seismic  hazards,  for  evaluating  potential 
damage  and  subsequent  operational  consequences  of  earthquakes,  and  for  assessing  alternative  mitiga- 
tion measures.  The  GIS  database  is  one  of  the  tools  currently  being  used  to  evaluate  and  prioritize  gas 
pipeline  replacement  and  electric  substation  upgrades  in  the  PG&E  system. 


INTRODUCTION 

PG&E's  94,000-square-mile  service  territory  includes  most 
of  northern  and  central  California.  The  service  territory 
contains  extensive  networks  of  gas  pipelines  and  gas  control 
facilities,  as  well  as  electric  generation,  transmission/ 
distribution,  and  control  subsystems  (Figure  1).  Large 
historical  earthquakes  have  occurred  within  the  service 
territory  near  the  greater  San  Francisco  and  Monterey  Bay 
areas  and  in  northwestern  California,  as  well  as  along  the 
southern  and  southeastern  margins  of  the  territory.  The  most 
likely  future  earthquakes  are  also  expected  in  these  areas,  and 
have  relatively  high  probabilities  of  occurring  in  the  next 
several  decades  (WGCEP,  1988).  The  analysis  of  possible 
effects  of  these  future  earthquakes  for  a  utility  network  the 
size  of  PG&E's  is  complicated,  due  to  three  factors: 

1.  Seismic  and  geologic  conditions  within  the  service  territory 
are  highly  variable,  resulting  in  significant  differences  from 
place  to  place  in  the  exposure  to  significant  earthquakes  and 
in  the  level  of  severity  of  the  associated  earthquake  hazards. 


2.  PG&E's  gas  and  electric  systems  include  several  thousand 
facilities  and  tens  of  thousands  of  miles  of  gas  pipelines  and 
electric  power  lines.  During  the  100  years  in  which  these 
utility  system  components  were  designed  and  constructed, 
different  levels  of  seismic  design  and  a  variety  of  construc- 
tion materials  and  techniques  have  been  used.  As  a  conse- 
quence, the  installed  utility  system  elements  have  a  wide 
range  of  vulnerabilities  to  earthquake  effects. 

3.  A  large-magnitude  earthquake  in  or  near  the  service  territory 

would  simultaneously  affect  a  number  of  utility  system 
components.  The  differing  site  conditions,  proximity  to  the 
earthquake  source,  and  various  levels  of  system  resis- 
tance to  earthquake  effects  will  produce  differing 
operational  consequences  of  the  earthquake.  This 
situation  is  particularly  complex  in  highly  urbanized 
areas  that  contain  a  dense  network  of  many  types  of  gas 
and  electric  system  components.  The  operational  conse- 
quences of  the  earthquake  would  depend  not  only  on  the 
occurrence  of  damage,  but  also  on  where  in  the  system 
the  damage  occurred,  the  level  of  redundancy  that 


'  Pacific  Gas  and  Electric  Company,  Geosciences,  1  California  Street.,  Room  2200,  San  Francisco,  CA  94106. 
2  Pacific  Gas  and  Electric  Company,  Civil  Engineering,  1  California  Street.,  Room  1635,  San  Francisco,  CA  94106. 
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Figure  1 .  Location  of  the  Pacific  Gas  and  Electric  Company  service  territory  in 
northern  and  central  California.  Shown  are  the  major  gas  and  electric  systems,  active 
faults,  and  historical  earthquakes  from  1769  through  1989. 


survived  the  earthquake,  and  the  post-earthquake  level  of 
demand  for  natural  gas  and  electricity. 

These  many  factors  are  associated  with  a  large  variety  of 
spatially  related  data.  During  the  past  three  years,  PG&E  has 
acquired  and  applied  a  computerized  Geographic  Informa- 
tion System  (G1S)  to  maintain  and  use  the  large,  complex 
database  to  aid  in  the  assessment  of  the  effects  of  high- 
probability,  large-magnitude  future  earthquakes  in  the 
PG&E  service  territory. 

THE  GIS  AND  THE  DATABASE 

The  GIS  is  an  effective  tool  for  maintaining  and  updating 
a  large  map  database.  The  rapid  viewing  and  plotting 
capability  of  the  system  allow  for  preparation  of  maps  for  a 
variety  of  studies  at  a  range  of  map  scales  and  coverage.  We 


1.  Facility  Location  Map  The  facility  location  map  is  a 
composite  of  several  layers.  The  base  map  portion 
contains  location  information  for  highways,  rivers,  lakes, 
cities,  and  county  boundaries.  These  data  are  digitized 
from  USGS  topographic  map  sheets.  The  locations  of 
PG&E's  transmission  and  distribution  pipelines,  electric 
transmission  lines,  and  other  associated  facilities  such  as 
compressor  stations  and  substations  compose  another 
portion;  these  data  were  initially  digitized  onto  a  separate 
set  of  layers  for  each  type  of  facility.  Labels  and  symbols 
are  attached  to  each  facility.  Facility  names,  locations, 
and  other  data  can  be  input  from  either  a  separate 
Oracle™  database  or  from  a  simple  spreadsheet  file. 
Geographic  boundaries  between  PG&E  operational 
groups  are  also  included  on  the  layer. 


selected  the  MapGrafix™  GIS  software, 
using  Oracle™  as  the  relational  database. 
The  package  runs  on  a  Macintosh™  Ilfx  and 
provides  the  cartographic  tools  needed  to 
enter,  display,  edit,  and  manage  spatially 
referenced  geographic  information.  An  E- 
size  digitizer  tablet  and  36-inch  color  pen 
plotter  are  used  for  input  and  output, 
respectively.  The  software  includes  a  utility 
that  translates  among  digital  graphic  formats 
such  as  DXF™  and  DLG3™.  A  third 
program  allows  us  to  easily  change  map 
projections  for  maps  we  create  or  maps  we 
import.  MapGrafix™  has  relational  database 
capabilities  to  associate  descriptive1  and 
quantitative  attribute  data  with  the  graphic 
components  of  the  map.  The  system  is 
adequately  sophisticated  and  versatile  for  our 
mapping  needs,  and  is  fairly  easy  to  learn  to 
use,  as  well. 

Our  database  is  organized  in  map  layers  by 
data  type:  locations  of  PG&E  facilities, 
transportation  corridors,  rivers,  and  political 
boundaries;  locations  of  Quaternary-active 
faults,  and  potential  fault  rupture  zones  and 
associated  expected  ground  motions;  and 
zones  of  liquefaction  and  slope  failure 
susceptibility.  We  are  compiling  data  using 
the  U.  S.  Geological  Survey  (USGS) 
topographic  map  sheets  at  1:100,000  and 
1 :250,000  scale.  The  San  Francisco  Bay  area 
is  covered  by  the  larger  scale  maps,  because 
this  region  contains  more  closely  spaced 
facilities  and  has  rapid  spatial  variations  in 
hazards.  Each  map  sheet  is  set  up  as  a  digital 
map  file,  and  for  each  map  file  there  are 
several  layers  of  information.  Figure  2 
schematically  shows  the  layer  organization  of 
our  database. 
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2.  Fault  Location  Map  Surface  faults  that  have  been  active 
during  the  Quaternary  are  compiled  and  digitized  from 
seismic  and  geologic  studies,  and  from  available  fault 
maps,  including  the  California  Division  of  Mines  and 
Geology  Special  Studies  Zone  maps.  In  our  hazard 
analysis  process,  we  consider  specific  high-probability 


future  earthquakes,  called  scenario  earthquakes  (Matsuda 
and  others,  1991).  Each  scenario  earthquake  is  associated 
with  a  likely  extent  and  amount  of  surface  fault  rupture, 
and  with  an  expected  distribution  of  ground  shaking.  These 
interpretations  are  added  to  the  fault  location  map  as  map 
layers  of  fault-rupture  segments  and  contours  of  peak 
ground  acceleration. 


LIQUEFACTION 
ZONATION  MAP 


SLOPE  FAILURE 
ZONATION  MAP 


FAULT 
LOCATION  MAP 


FACILITY 
LOCATION  MAP 


ASSESS  EARTHQUAKE  EXPOSURE  OF  FACILITY 


DEVELOP  AND  PRIORITIZE  MITIGATION  ALTERNATIVES 


Figure  2.  Schematic  drawing  of  the  map  database  and  seismic  hazard  analysis  sequence. 
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Figure  3.  GIS-based  map  of  San  Francisco  and  the  East  Bay  Area.  Detail  shows  location  of 
PG&E  facilities  in  relation  to  Hayward  fault  and  slope  failure  susceptibility. 
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3.  Liquefaction  and  Slope  Failure  Zonation  Maps 

Seismic  hazard  zonation  maps  are  prepared  on  two 
layers.  One  layer  contains  earthquake-induced  slope- 
failure  zones,  and  another  contains  zones  of  liquefaction 
susceptibility.  The  maps  correspond  to  the  USGS  map 
sheets  and  are  digitally  processed  into  the  GIS  either  by 
hand  or  by  computer  scanning.  The  zonation  maps  are 
prepared  based  on  geologic  studies  from  the  interpreta- 
tion of  existing  data  related  to  geology,  soils,  and 
groundwater  (Noller  and  others,  1991).  Each  zone  is 
labelled  with  an  assigned  rating  of  I  to  IV  for  liquefaction 
potential  and  I  to  III  for  slope-failure  potential,  depend- 
ing on  the  degree  to  which  they  possess  certain  defined 
properties.  Historical  liquefaction  features  such  as  sand 
boils,  lateral  spreading,  ground  settlement,  ground 
cracking,  and  ground  deformation,  and  historical 
seismically  induced  slope  failures  are  designated  on  the 
appropriate  layers. 

APPLICATIONS  OF  THE  GIS  DATABASE 

Once  the  data  are  in  place  in  the  GIS,  they  can  be  manipu- 
lated in  a  number  of  ways.  Various  layers  can  be  overlaid  in 
different  colors.  Regional-scale  maps  are  easily  created  by 
merging  map  sheets.  All  of  the  information  corresponding  to 
a  particular  facility  may  be  stored  in  a  flat  or  relational 
database  file  for  on-screen  retrieval.  The  database  layers  and 
files  can  be  updated  with  current  information,  either  by 
editing  or  by  replacement. 

An  initial  step  in  developing  appropriate  responses  to  the 
potential  effects  of  future  earthquakes  (Savage  and  others, 
1992)  involves  the  identification  and  characterization  of  the 
likely  hazards  as  they  may  affect  our  utility  facilities.  For 
example,  the  GIS-based  map  displayed  in  Figure  3  shows 
the  major  faults  and  potential  rupture  segments  in  the  San 
Francisco  Bay  area.  The  inset  in  Figure  3  focuses  on  the 
natural  gas  facilities  and  pipelines  north  and  south  of 
Richmond,  which  are  near  the  northern  segment  of  the 
Hayward  fault.  The  GIS  layers  for  surface  fault  rupture  and 
zones  of  moderate  to  high  slope-failure  susceptibility  are 
displayed.  Distances  from  the  Hayward  fault  are  accurately 
estimated  using  the  GIS,  and  these  distances  are  then 
translated  into  the  expected  peak  rock  acceleration  at  each 
facility.  Fault  crossings  by  individual  pipelines  are  readily 
located,  as  are  pipeline  areas  that  lie  within  zones  of 
potential  seismically  induced  slope  failure.  Examination  of 
the  liquefaction  zonation  map  provides  additional  informa- 
tion on  potential  seismic  hazards  affecting  the  gas  system  in 
this  area. 

The  seismic  hazard  information  available  in  the  GIS 
database,  as  illustrated  in  Figure  3,  is  thus  readily  available 
for  a  variety  of  applications.  For  a  given  high-probability, 


large-magnitude  scenario  earthquake,  the  GIS  presents  an 
overview  of  the  facilities  potentially  affected  by  the  event. 
This  facilitates  such  activities  as  operational  contingency 
planning  and  development  of  emergency  response  exercises. 
Such  overviews  also  are  useful  in  developing  relative 
priorities  for  mitigating  earthquake  vulnerability;  critical 
facilities  exposed  to  the  greatest  hazards  can  be  considered 
for  mitigation  measures  before  those  facilities  not  likely  to 
be  exposed. 

Studies  that  have  been  carried  out  or  are  currently  under 
way  that  use  the  computerized  data  base  include  earthquake 
vulnerability  assessments  for  (1)  the  gas  supply  system, 
extending  throughout  the  service  territory;  (2)  the  entire  gas 
distribution  system;  (3)  the  Gas  Pipeline  Replacement 
Program,  to  include  a  seismic  priority  factor  for  the  replace- 
ment of  aging  and  vulnerable  pipe  elements  (Clark  and 
others,  1991);  and  (4)  high-voltage  substations  in  the  greater 
San  Francisco  Bay  area  (Matsuda  and  others,  1991).  We 
have  found  the  GIS  to  be  an  efficient  way  to  store,  retrieve, 
and  interpret  map  database  information  for  seismic  hazard 
assessments.  Using  this  system,  we  have  improved  PG&E's 
ability  to  address  seismic  issues  in  a  timely  and  effective 
manner. 
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Applying  the  Loma  Prieta  Experience  to  Reducing 
Hazards  of  East  Bay  Buildings 


by 
Sigmund  A.  Freeman1 


ABSTRACT 

Although  the  Loma  Prieta  earthquake  would  be  considered  moderate,  with  a  short  duration,  and  it  was 
located  some  50  miles  away,  the  ground  motion  was  fairly  significant  in  some  soft  soil  areas  of  San  Francisco 
and  Oakland.  Large  numbers  of  buildings  were  damaged  to  the  point  that  they  were  considered  hazardous 
and  had  to  be  evacuated. 

After  the  initial  assessments  were  made  of  damaged  buildings,  the  City  of  Oakland  developed  a  procedure 
for  reassessing  the  damage  and  criteria  for  repairing  the  buildings.  An  emergency  ordinance  was  passed  that 
defined  a  limit  on  damage  that  could  trigger  a  requirement  for  a  seismic  upgrade  of  a  building.  Prior  to  a  final 
ordinance  on  earthquake  damage  and  repair,  meetings  were  held  with  a  coalition  of  interested  parties  to  be 
able  to  address  the  concerns  of  the  public. 

The  experience  gained  in  the  development  and  implementation  of  the  repair  ordinance  for  damaged 
buildings  can  be  used  as  an  aid  in  developing  hazard  reduction  programs  for  existing  buildings.  Three  types 
of  buildings  are  of  prime  interest:  those  with  unreinforced  masonry  (URM)  bearing  walls,  steel  or  concrete 
frame  buildings  with  infill  URM,  and  older  reinforced  concrete  buildings.  Based  on  actual  case  histories  from 
the  Loma  Prieta  earthquake,  representative  sample  buildings  can  be  used  for  purposes  of  discussing  proce- 
dures for  evaluation  and  seismic  upgrading  of  existing  buildings.  Also,  a  detailed  study  of  the  recorded 
earthquake  motion  in  downtown  Oakland  gives  a  good  insight  into  comparing  Loma  Prieta  with  postulated 
earthquakes. 

In  the  development  of  seismic  upgrade  standards,  consideration  must  be  given  to  the  social  and  economic 
issues  as  well  as  earthquake  hazard  mitigation.  The  primary  purpose  of  earthquake  hazard  mitigation  is  life 
safety;  but  then,  that  is  also  the  purpose  of  the  seismic  provisions  of  the  building  code.  A  general  description 
of  life  safety  is  to  prevent  collapse  of  the  building  and  to  place  some  limitation  on  damage.  The  damage 
limitations  are  required  to  reduce  the  potential  for  falling  debris  and  to  allow  safe  exit  of  the  occupants.  The 
public  does  not  usually  understand  the  implications  of  the  earthquake  provisions  of  building  codes.  Whereas 
the  engineers  that  developed  the  code  think  of  the  seismic  provisions  as  a  minimum  standard  for  life  safety, 
the  public  often  thinks  of  it  as  being  an  overly  conservative  engineering  approach  for  designing  buildings. 
Users  have  a  right  to  know  the  status  of  compliance  a  building  has  with  respect  to  earthquake-resisting  design 
and  construction.  Owners  have  rights,  within  limits,  to  make  cost-benefit  decisions  on  the  level  of  seismic 
upgrade  that  they  can  justify.  The  public  must  decide  what  level  of  safety  is  required.  The  engineering 
profession  must  provide  the  means  to  meet  these  objectives. 


'Wiss,  Janney,  Elstner  Associates,  2200  Powell  Street,  Suite  925,  Emeryville,  CA  94608-1836 
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Probabilistic  Seismic  Hazard  Analysis  for 

a  Highway  Interchange  on 

the  Hayward  Fault 


by 
Robert  K.  Green1 


ABSTRACT 

A  probabilistic  seismic  hazard  analysis  was  performed  to  evaluate  the  likelihood  of  exceeding 
ground  motions  for  use  in  the  design  of  a  replacement  freeway  interchange  at  the  intersection  of 
California  Highways  13  and  24,  west  of  the  Caldecort  tunnel  in  the  Oakland  and  Berkeley  hills. 
The  Hayward  fault  passes  just  southwest  of  the  interchange. 

The  probabilistic  evaluation  included  the  use  of  logic  trees  for  the  selection  of  applicable  attenu- 
ation relationships,  recurrence  models,  recurrence  rates,  and  maximum  magnitudes.  The  charac- 
teristic real-time  recurrence  models  of  the  WGCEP  (1990)  were  incorporated  in  the  hazard  model. 
Their  model  estimates  a  28  percent  probability  of  a  magnitude  7  earthquake  in  the  next  30  years 
on  the  northern  segment  of  the  Hayward  fault.  Extending  this  model  to  longer  design  lives  in- 
creases the  likelihood  of  that  event  to  38  percent  in  50  years,  and  67  percent  in  1 00  years.  The 
probabilities  of  exceeding  peak  accelerations  and  response  spectral  accelerations  were  calculat- 
ed by  combining  the  probability  functions  on  distance,  attenuation  and  recurrence.  As  expected, 
the  hazard  is  almost  entirely  due  to  the  Hayward  fault.  The  resulting  rock  site  acceleration  with  a 
10  percent  probability  of  being  exceeded  in  100  years  is  about  0.95g. 


INTRODUCTION 

The  freeway  interchange  connecting  California  state  high- 
ways 13  and  24  was  constructed  within  the  Hayward  fault 
zone.  The  main  trace  of  the  fault  passes  just  to  the  southwest 
of  the  main  interchange  (Van  Velsor  and  Pacini,  1991).  The 
interchange  is  currently  under  design  for  increasing  traffic 
flow  and  safety.  Due  to  the  proximity  of  the  Hayward  fault, 
and  its  likelihood  of  a  large  earthquake  during  the  life  of  the 
interchange,  a  probabilistic  seismic  hazard  analysis  was  made 
to  estimate  the  probability  of  exceeding  a  range  of  ground 
motion  levels  being  considered  for  design. 

The  project  involves  state  highways,  so  is  being  designed 
and  constructed  according  to  Caltrans  criteria  with  review  by 
Caltrans.  The  Caltrans  seismic  design  procedures  use  a  site 
dependent  response  spectrum  based  on  the  depth  to  bedrock 
and  the  peak  horizontal  acceleration  on  bedrock.  The  peak 
acceleration  on  rock  for  the  Caltrans  procedure  is  based  on  the 
expected  motion  from  the  Maximum  Credible  Earthquake 


(MCE).  As  a  part  of  the  geotechnical  engineering  and  geology 
studies  performed  for  the  design  of  the  new  interchange,  a 
probabilistic  seismic  hazard  analysis  was  conducted  to  evalu- 
ate the  ground  motions  associated  with  selected  probability 
levels  and  the  probability  of  exceeding  deterministic  ground 
motions.  As  a  separate  part  of  the  studies,  the  near-field  effects 
were  also  evaluated  (Silva  and  Wong,  1992). 

SEISMIC  HAZARD  ANALYSIS 

The  seismic  hazard  evaluation  includes  the  identification  of 
active  faults  or  other  potential  sources  in  the  study  area  that 
may  significantly  contribute  to  seismic  hazard  at  the  site,  as- 
sessment of  maximum  earthquake  magnitudes  and  earthquake 
recurrence  on  these  faults,  selection  of  relationships  describing 
the  attenuation  of  peak  ground  acceleration  and  response  spec- 
tral values  with  distance  as  a  result  of  potential  earthquakes  on 
the  faults,  and  calculation  of  the  probability  of  exceeding  se- 
lected values  of  peak  ground  acceleration  and  response  spec- 
tral values. 


1  Senior  Project  Engineer,  Seismic  Hazards  and  Earthquake  Engineering  Group,  Woodward-Clyde  Consultants,  500  12th  Street, 
Suite  100,  Oakland,  CA  94607-4014 
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Figure  1 .  Significant  faults  of  the  San  Francisco  Bay  area 


ACTIVE  FAULTS 

The  location  of  the  site  with  respect  to  known  or  potentially 
active  faults  in  northern  California  is  shown  in  Figure  1.  The 
Hayward  fault  passes  very  close,  if  not  directly  through,  the 
intersection.  Other  regional  faults  were  included  in  the  proba- 
bilistic analyses  (see  Table  1),  but  did  have  significant  contri- 
bution to  the  likelihood  of  exceeding  design  level  ground  mo- 
tions at  the  site. 


andro,  earthquake  depths  are  from  5-10  km  (Ellsworth  and 
others,  1982).  Steinbrugge  and  others  (1987)  interpret  the 
contrast  in  depths  of  seismicity  to  reflect  a  distinct  change 
in  fault  behavior  north  and  south  of  San  Leandro.  The 
northern  end  of  the  1868  surface  rupture  is  near  San  Lean- 
dro, although  some  discontinuous  ruptures  may  have  oc- 
curred as  far  north  as  Mills  College  in  Oakland. 

Slip  Rate  -  The  geologic  slip  rate  across  the  Hayward 
fault  over  the  past  3.5  my  has  been  about  5  mm/yr  (Prow- 
ell,  1974),  and  over  the  last  7.4-9  ka  has  been  5  to  9  mm/yr 
(Lienkaemper  and  others,  1989;  Borchardt  and  others, 
1992;  Lienkaemper  and  Borchardt,  1992b).  Creep  along  the 
Hayward  fault  was  discovered  in  the  Fremont  area  in  1960 
(Cluff  and  Steinbrugge,  1966),  and  subsequent  investiga- 
tors have  found  this  phenomenon  to  be  common  along  the" 
length  of  the  fault.  Many  investigators  have  suggested  that 
the  active  creep  along  the  fault  may  relieve  a  large  portion 
of  the  total  strain  such  that  the  rate  of  strain  accumulation 
necessary  for  the  generation  of  the  next  large  earthquake  is 
significantly  reduced.  Other  investigators  believe  that  the 
creep  does  not  substantially  reduce  the  strain  accumulating 
on  the  fault  plane  at  depth.  Aseismic  slip  (or  creep)  rates 
since  the  1920's  range  from  8  to  1 1  mm/yr  in  southern 
Fremont  and  4.5  to  6  mm/yr  at  Hayward  (Galehouse,  1992; 
Leinkaemper  and  Borchardt,  1992;  Galehouse  and  others, 
1982;  Harsh  and  Burford,  1982;  Burford  and  Sharp,  1982). 
Since  the  late  1960's,  a  creep  of  6  to  8  mm/yr  has  been 
measured  in  the  BART  tunnel  in  Berkeley  (Brekke  and 
Brown,  1982).  Based  on  an  analysis  of  the  local  and  re- 
gional geodetic  network  data,  Prescott  and  Lisowski  (1983) 
estimate  that  not  more  than  4  mm/yr  of  total  shear  strain 
not  relieved  by  creep  is  accumulating  along  the  Hayward 
fault.  For  this  study,  a  slip  rate  of  9±2  mm/yr  was  adopted, 
as  used  by  the  WGCEP  (1990). 


Table  1.   Seismic  sources. 


Hayward  Fault 

The  Hayward  fault  extends  about  100  km  from 
San  Pablo  Bay  to  east  of  San  Jose.  The  northern 
portion  of  the  Hayward  fault  is  particularly  well 
expressed  geomorphically  where  it  coincides  with  a 
marked  "rift"  valley  through  the  Oakland  Hills. 
Highway  13  follows  this  valley  south  of  the  inter- 
change. Systematic  right-lateral  stream  offsets  have 
been  documented  at  several  locations  along  the 
fault  zone. 

Historic  Seismicity  -  The  Hayward  fault  generat- 
ed large  earthquakes  in  1836  (M  6.8)  and  in  1868 
(M  6.8),  both  of  which  were  associated  with  several 
tens  of  kilometers  of  surface  rupture  (Toppozada 
and  Parke,  1982).  The  portion  of  the  fault  north  of 
Fremont  is  clearly  associated  with  microseismicity. 
Southeast  of  San  Leandro,  earthquakes  occur  at 
depths  of  0-10  km,  whereas,  northwest  of  San  Le- 


Fault  Name 

Closest  Distance 

Maximum 

Segment  Name 

to  Fault  Rupture 

Magnitude 

Slip  Rate 

(km) 

Earthquake 

(mm/yr) 

San  Andreas 

1906  Segment 

31 

8 

19 

North  Coast  Segment 

31 

8 

19 

Penisula  Segment 

34 

7 

19 

Mid-Peninsula  Segment 

34 

7 

19 

N.  Santa  Cruz  Mtns  Segment 

58 

6.5 

19 

S.  Santa  Cruz  Mtns  Segment 

76 

7 

19 

Hayward 

Northern  Segment 

0 

7 

9 

Southern  Segment 

16 

7 

9 

San  Gregorio 

36 

7.5 

7-11 

Rodgers  Creek 

34 

7 

9 

Calaveras 

20 

7.75 

11 

Coyote  Lake  Segment 

87 

6 

15 

Morgan  Hill  Segment 

68 

6.25 

15 

Sunol  Valley  Segment 

37 

6.5 

6 

San  Ramon  Valley  Segment 

20 

6.5 

6 

Concord 

19 

6.5 

3 
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Fault  Segmentation  -  The  WGCEP  (1990)  has  divid- 
ed the  Hayward  fault  into  two  segments  with  lengths 
of  50  and  32  km  based  in  part  on  the  differences  in  the 
depth  of  seismicity  north  and  south  of  San  Leandro. 
Two  segments  also  provide  a  reasonable  explanation 
for  two  M  6.8  events  within  32  years  (1836  and  1868). 
This  segmentation  was  adopted  for  this  study. 

Maximum  Earthquake  Magnitude  -  For  the  Hayward 
fault,  Caltrans  uses  a  Maximum  Credible  Earthquake 
magnitude  of  7.5,  the  California  Division  of  Mines  and 
Geology  (CDMG)  has  required  that  a  magnitude  7.5 
event  be  considered  in  the  seismic  design  of  hospitals, 
and  a  magnitude  7.5  event  was  used  for  the  planning 
scenario  for  the  Hayward  fault  (Steinbrugge  and  oth- 
ers, 1987).  A  magnitude  7.5  earthquake  would  be  ex- 
pected to  have  a  rupture  length  over  80  kilometers,  and 
thus  would  rupture  nearly  the  entire  fault.  The  WG- 
CEP (1990)  selected  a  magnitude  7  earthquake  as  the 
characteristic  event  for  each  segment  of  the  Hayward 
fault.  For  a  probabilistic  analysis  with  the  earthquake 
recurrence  based  on  the  release  of  accumulated  strain, 
a  larger  magnitude  would  release  substantially  more 
energy  that  would  result  in  much  longer  average  inter- 
vals between  events.  The  longer  interval  would  reduce 
the  likelihood  of  large  motions  more  than  the  increased 
magnitude  would  increase  the  size  of  the  motions. 


Thus  using  7.5  as  the  maximum  magnitude  would  be  less 
conservative  than  magnitude  7.0. 

Earthquake  Recurrence  -  During  the  past  150  years, 
northern  California  has  experienced  several  large  earth- 
quakes. However,  because  of  the  short  period  of  the  histor- 
ical record  relative  to  earthquake  recurrence  intervals  on 
individual  faults  and  the  uncertainty  in  the  locations  of  the 
older  earthquakes,  the  seismicity  data  alone  are  not  suffi- 
cient to  estimate  recurrence  on  individual  faults.  For  this 
purpose,  geologic  evidence  for  the  long  term  seismic  slip 
rate  on  individual  faults  must  be  used.  The  regional  seis- 
micity data  provide  estimates  of  the  frequency  of  earth- 
quakes of  various  magnitudes.  The  real  time  strain  accu- 
mulation model  of  the  WGCEP  (1990)  was  used  to  esti- 
mate the  recurrence  of  the  maximum  earthquake  on  a  fault 
segment  and  the  general  approach  of  Molnar  (1979)  and 
Anderson  (1979)  to  arrive  at  recurrence  of  smaller  events. 
A  high  likelihood  that  the  San  Andreas,  Hayward,  Rodgers 
Creek,  Calaveras,  and  San  Gregorio  faults  rupture  with 
"characteristic"  magnitudes  on  specific  segments  was  in- 
cluded in  the  model.  The  segments,  maximum  magnitudes, 
and  slip  rates  are  shown  in  Table  1. 

The  average  recurrence  relationships  for  the  faults  in- 
cluded in  the  probabilistic  analyses  for  this  site  are  present- 
ed in  Figure  2.  The  recurrence  of  a  magnitude  7  earthquake 
on  the  northern  segment  of  the  Hayward  fault  has  been 
estimated  by  the  WGCEP  as  28  percent  in  the  next  30 
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Figure  3.  Attenuation  relationships. 
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years.  Extending  their  model  to  other  time  periods  results  in 
the  following  probabilities  of  a  magnitude  7  earthquake  on 
this  segment. 

Time  Period  Probability  of  Magnitude  7 

30  Years  28  % 

50  Years  38  % 

100  Years  67  % 

In  the  probabilistic  analyses,  it  is  assumed  that  on  a  given 
fault  or  fault  segment,  earthquakes  of  a  certain  magnitude  may 
occur  randomly  along  the  length  of  the  fault  or  segment.  The 
extent  of  the  fault  rupture  on  a  fault  varies  with  earthquake 
magnitude  as  estimated  from  a  rupture  length-magnitude  rela- 
tionship based  on  the  type  of  faulting  and  fault  geometry.  This 
trend  is  important  in  the  analysis  because  the  larger  magnitude 
earthquakes,  having  longer  rupture  lengths,  will  tend  to  rup- 
ture portions  of  the  fault  closer  to  the  site. 

ATTENUATION 

The  peak  acceleration  was  estimated  for  rock  site  conditions. 
The  soil  cover  at  the  interchange  varies  from  exposed  weath- 
ered rock  to  about  25  feet  of  very  stiff  fill. 

Attenuation  relationships  describing  the  variation  of  surface 
peak  ground  acceleration  with  earthquake  magnitude  and  dis- 
tance from  the  source  were  selected  for  rock  site  conditions. 
The  attenuation  relationships  developed  by  Joyner  and  Boore 
(1988)  and  Sadigh  (as  presented  in  Youngs  and  others,  1987), 
and  Joyner  and  Boore  (1988)  for  peak  accelerations  on  rock 
sites  were  used  for  modeling  the  attenuation  for  probabilistic 
analyses.  These  relationships  were  developed  by  statistical 
analyses  of  ground  motions  recorded  from  several  earthquakes 
in  California  and  other  parts  of  the  western  United  States. 
These  attenuation  relationships  are  compared  in  Figure  3. 

The  attenuation  relationships  represent  median  values  of  the 
peak  ground  motions.  It  is  important  in  the  probabilistic  analy- 
sis to  incorporate  the  uncertainty  in  the  predicted  acceleration 
value  for  any  given  earthquake  magnitude  and  distance.  This 
uncertainty  was  included  by  using  the  log-normal  distribution 
around  the  median  values  defined  by  the  standard  deviation. 
The  standard  deviations  for  the  Sadigh  relationships  are  mag- 
nitude dependent.  For  magnitudes  greater  than  6.5,  the  stan- 
dard deviation  is  such  that  the  84th  percentile  acceleration  is 
greater  than  the  median  by  a  factor  of  1 .42.  The  standard  devi- 
ation of  Joyner  and  Boore  is  such  that  the  84th  percentile  is 
greater  than  the  median  by  a  factor  of  1 .91 . 

RESULTS  OF  THE  SEISMIC  HAZARD 
ANALYSIS 

The  annual  mean  numbers  of  events  exceeding  given  peak 
acceleration  levels  were  calculated  using  the  methodology 
described  above  for  the  next  100  years.  The  results  for  peak 
acceleration  on  rock  arc  presented  in  Figures  4  and  5  for  the 


attenuation  relationships  of  Sadigh,  and  Joyner  and  Boore, 
respectively.  The  solid  lines  on  these  figures  correspond  to  the 
total  contribution  from  all  sources  to  the  hazard  at  the  site. 
Other  lines  correspond  to  the  contribution  from  the  individual 
sources  in  the  model.  As  shown  on  the  figures,  the  Hayward 
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Figure  4.  Peak  acceleration  recurrence  -  Sadigh  attenuation. 
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fault  is  the  dominant  source  of  potential  ground  motions  at  the 
site  due  to  its  high  probability  of  a  large  event  and  its  proximi- 
ty to  the  site.  The  Hayward  fault  has  a  higher  contribution  to 
the  hazard  at  the  higher  acceleration  levels  because  the  other 
faults  are  too  distant  to  produce  large  ground  motions.  The 
values  on  these  curves  and  similar  values  for  the  next  30  and 
50  years  can  be  used  to  calculate  the  probability  of  exceeding 
the  peak  accelerations.  The  values  for  the  attenuation  relation- 
ships are  presented  in  Figures  6  and  7. 

The  peak  acceleration  for  the  interchange  is  within  the  0.6  g 
contour  of  peak  acceleration  on  the  Caltrans/CDMG  (Mual- 
chin  and  Jones,  1987)  map  of  peak  acceleration  from  maxi- 
mum credible  earthquakes.  This  represents  the  highest  contour 
on  the  map.  The  probabilities  of  exceeding  this  peak  accelera- 


tion in  the  next  30,  50,  and  100  years  are  estimated  to  be  about 
20,  30,  and  50  percent,  respectively.  Based  on  these  results, 
the  peak  ground  acceleration  with  a  10  percent  probability  of 
being  exceeded  in  the  next  100  years  is  about  0.95g. 
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Assessment  of  Strong  Near-field  Earthquake 

Ground  Shaking  Adjacent  to  the 

Hayward  Fault,  California 

by 
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ABSTRACT 

The  occurrence  of  two  approximate  M  7  earthquakes  in  1836  and  1868  along  the  Hayward  fault  suggests 
that  damaging  strong  ground  shaking  can  be  expected  in  the  heavily-populated  eastern  San  Francisco  Bay 
area  in  the  future.  In  this  study,  near-field  strong  ground  motions  have  been  estimated  for  both  a  soil  site 
and  rock  site  located  200  m  west  of  the  northern  segment  of  the  Hayward  fault.  A  stochastic  ground  motion 
methodology  has  been  employed  which  combines  the  Band-Limited-White-Noise  source  model,  random 
vibration  theory,  and  the  modeling  of  a  finite  fault  rupture.  An  equivalent-linear  approach  was  also  used  to 
model  soil  response. 

The  modeled  event  was  a  moment  magnitude  (Mw)  6.8  1836-like  earthquake.  Because  near-field  ground 
motions  are  particularly  sensitive  to  the  distribution  of  slip  along  the  rupture  plane,  specifically  the  locations  of 
concentrated  slip  (asperities),  randomized  slip  distributions  were  generated  and  used  to  compute  the  ground 
motion  estimates.  To  account  for  the  effects  of  rupture  directivity,  the  points  of  rupture  initiation  were  also 
varied,  resulting  in  both  unilateral  and  bilateral  rupture  toward  and  away  from  the  site,  respectively. 

Based  on  20  randomized  slip  distributions,  a  total  of  60  acceleration  response  spectra  at  each  of  three 
adjacent  sites  (to  account  for  the  uncertainty  in  the  source-site  geometry)  were  computed  to  arrive  at  medi- 
an, 16th  and  84th  percentile  spectra.  The  median  and  84th  percentile  peak  horizontal  accelerations  at  the 
near-field  soil  site  are  0.52  g  and  0.70  g,  respectively.  By  comparison,  a  hypothetical  rock  site  at  the  same 
location  is  characterized  by  median  and  84th  percentile  peak  horizontal  accelerations  of  0.60  g  and  0.78  g, 
respectively.  These  latter  values  are  comparable  to  empirical  values  for  rock  sites  from  established  peak 
acceleration-attenuation  relations.  The  84th  percentile  values  indicate  that  very  strong  ground  shaking  ap- 
pears to  be  possible  for  near-field  sites  located  near  possible  asperities  and  assuming  maximum  directivity 
effects.  Site-specific  assessments  of  strong  motions  and  their  associated  uncertainties  should  be  incorpo- 
rated into  the  seismic  hazard  evaluations  of  sites  located  adjacent  to  the  Hayward  fault. 


INTRODUCTION 

The  80-km-long  Hayward  fault  extends  through  much  of  the 
eastern  San  Francisco  Bay  region,  from  Point  Pinole  in  Rich- 
mond southeastward  to  at  least  the  Warm  Springs  District  in 
Fremont  (Figure  1).  It  is  believed  that  in  1836  an  earthquake 
of  approximate  Richter  magnitude  (ML)  7  ruptured  the  north- 
ern half  of  the  fault.  The  WGCEP  (1990)  has  assigned  a  28% 
probability  that  a  repeat  of  that  earthquake  will  occur  during 
the  ensuing  30-year  period  from  1990  to  2020.  The  implica- 
tions of  such  an  event  are  thought  to  be  catastrophic  and  it  is 
expected  that  ground  shaking,  particularly  in  the  vicinity  of 
the  Hayward  fault,  will  be  severe.  For  the  purposes  of  evaluat- 


ing the  seismic  design  and  safety  of  engineered  structures  in 
the  East  Bay,  it  is  critical  that  an  accurate  assessment  of  the 
level  and  characteristics  of  strong  ground  motions  be  made. 

In  the  near-source  region  of  large  earthquakes,  the  effects  of 
a  finite  source  including  rupture  propagation,  directivity,  the 
distribution  of  slip  along  the  rupture  plane,  and  source-site 
geometry  can  be  significant  and  should  be  incorporated  into 
strong  ground  motion  predictions  (e.g.,  Hartzell  and  Heaton, 
1983).  The  effects  of  site  geology  may  be  equally  or  even 
more  significant  than  source  effects.  Thus  in  this  paper,  we 
describe  a  study  whose  purpose  was  to  assess  the  strong 
ground  shaking  at  both  a  soil  site  and  a  hypothetical  rock  site 
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near  the  Caldecott  Tunnel  in  Oakland,  adjacent  to  the  northern  segment  of 
the  Hayward  fault  (Figure  1).  We  have  modeled  a  repeat  of  the  1836  earth- 
quake assuming  a  moment  magnitude  (Mw)  6.8.  The  analysis  is  based  on  a 
methodology  that  combines  aspects  of  finite  fault  modeling  with  the 
Band-Limited-White-Noise  (BLWN)  source  model,  random  vibration 
theory  (RVT),  and  an  equivalent-linear  approach  to  model  soil 
response. 


APPROACH 

The  estimation  of  strong  ground  motions  very  close 
to  the  earthquake  source  has  been  historically  a  dif- 
ficult task.  Until  recently,  only  empirical  ap- 
proaches were  utilized  and  given  the  general 
lack  of  "near-field"  strong  ground  motion 
records  for  earthquakes  greater  than  M  6- 
1/2,  records  of  smaller  events  were 
utilized  by  scaling  up  to  an  empiri- 
cally-derived peak  horizontal 
ground  acceleration.  The  basis 
for  such  peak  accelerations, 
however,  is  also  poorly 
determined  since  empir- 
ical values  at  near- 
field  distances  are 
generally  ex- 
trapolations, 
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Figure  1    Site  location  near  the  center  of  the  50-km  long  northern  segment  of  the  Hayward  fault. 
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Figure  3.  Four  realizations  of  the  20  random  slip  models.  The  contours  are  in  cm  with  the  three  nucleation  points  shown  as  F1 ,  F2,  and  F3. 
The  arbitrarily  chosen  base  case  model  (upper-left)  shows  the  three  site  locations.  Site  2  is  the  actual  site  with  sites  1  and  3  located  5  km  to  the 
north  and  south  along  strike,  respectively. 


again  due  to  the  lack  of  strong  motion  records.  Although  a 
considerable  number  of  strong  motion  records  have  been  re- 
cently acquired  from  the  1989  Mw7.0  Loma  Prieta  earthquake, 
only  the  Corralitos  station,  which  recorded  a  peak  horizontal 
acceleration  of  0.64  g,  was  located  adjacent  to  the  fault.  The 
Loma  Prieta  earthquake,  however,  was  an  unusually  deep 
event  with  the  largest  areas  of  slip  occurring  at  depths  near  12 
km  (Wald  and  others,  1991). 

The  BLWN  ground  motion  model  employed  in  this  study 
was  first  developed  by  Hanks  and  McGuire  (1981).  The  mod- 
el assumes  that  energy  is  distributed  randomly  over  the  dura- 
tion of  the  source.  It  has  proven  remarkably  effective  in  corre- 
lating with  a  wide  range  of  ground  motion  observations 
(Boore,  1983;  Boore  and  Atkinson,  1987;  Silva  and  Darragh, 
1990;  Wong  and  others,  1991).  Such  a  stochastic  model  al- 
lows, for  the  first  time,  realistic  predictions  of  strong  motions 
(Joyner  and  Boore,  1988)  because  it  can  incorporate  the  spe- 
cific characteristics  of  the  earthquake  source  and  wave  propa- 
gation as  well  as  region-  and  site-specific  propagation  path 
and  near-surface  geological  effects. 

The  stochastic  ground  motion  model  assumes  an  or2  Brune 
source  model  with  a  single-corner  frequency  and  a  constant 
stress  drop  (Hanks  and  McGuire,  1981).  RVT  is  used  to  relate 
rms  (root-mcan-square)  values  of  acceleration  and  oscillator 
response  computed  from  the  power  spectra  to  peak  time  do- 
main values  (Boore,  1983).  The  observation  that  acceleration 
spectral  density  falls  off  rapidly  beyond  some  region-depen- 
dent maximum  frequency  is  incorporated  in  the  form  of  e"nKt 
(Figure  2).  This  observed  phenomenon  truncates  the  high 


frequency  portion  of  the  spectrum  and  is  responsible  for  the 
band-limited-nature  of  the  stochastic  model,  k  at  zero  epicen- 
tral  distance  or  k(0)  represents  the  intrinsic  energy  attenuation 
in  the  shallow  crust  beneath  the  site  (Anderson  and  Hough, 
1984;  Hough  and  Anderson,  1988).  Q(f),  the  frequency-de- 
pendent portion  of  the  attenuation  along  the  raypath,  is  also 
incorporated  into  the  model.  It  takes  the  form  of  Q(f)  =  Q(f/fo)r| 
(Figure  2)  where  Q   is  the  reference  value  at  a  f  of  1  Hz. 

The  original  stochastic  methodology  assumed  a  point  source 
(e.g.,  Boore,  1983;  1986;  Silva  and  Darragh,  1990).  Recently, 
the  modeling  of  a  finite  fault  has  been  combined  with  the 
BLWN-RVT  methodology  (Silva  and  others,  1990).  The 
BLWN  source  model  is  used  to  generate  or2  sources  in  lieu  of 
spectra  from  small  earthquakes  (or  Green's  functions)  in  the 
summation  of  the  finite  source.  To  model  soil  sites,  an  RVT- 
based  equivalent-linear  approach  has  also  been  incorporated 
into  the  methodology  (Silva,  1991).  The  combined  model 
represents  a  truly  site-specific  approach  to  characterizing 
strong  ground  motions  at  rock  or  soil  sites  adjacent  to  faults 
capable  of  large  magnitude  earthquakes. 

SOURCE,  PATH  AND  SITE  PARAMETERS 

To  estimate  the  strong  ground  motions  for  a  site  near  the 
Caldecott  Tunnel,  source  parameters  appropriate  for  a  repeat 
of  the  1836  Hayward  earthquake  were  selected.  The  northern 
segment  of  the  Hayward  fault  was  assumed  to  be  a  vertical 
plane  50  km  long  and  12  km  wide.  The  seismic  moment  of  the 
earthquake  was  assumed  to  be  2.0  x  1026  dyne-cm  equivalent 
to  a  M    6.8. 
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Because  near-field  ground  motions  are  particularly  sensitive 
to  the  distribution  of  slip  along  the  rupture  plane,  specifically 
the  locations  of  concentrated  slip  (asperities),  randomized 
distributions  were  used.  The  randomized  slip  models  were 
generated  by  computing  a  two-dimensional  wave-number 
spectrum  using  an  analytical  filter  for  the  modulus  combined 
with  a  random  phase.  The  shape  of  the  filter  was  calibrated 
with  the  wave-number  spectra  computed  from  slip  models 
derived  from  ground  motion  recordings  of  12  large  earth- 
quakes. Points  of  rupture  initiation  were  varied  by  selecting 
foci  at  the  center  and  ends  of  the  slip  models  at  a  focal  depth 
of  12.5  km.  Twenty  random  slip  models  were  generated  for 
each  focus  resulting  in  60  ground  motion  realizations  at  each 
site.  Figure  3  shows  four  realizations  of  the  slip  models.  The 
models  have  an  area  of  600  km2. 

The  static  stress  drop  for  the  randomized  slip  models  is  68 
bars  which  is  a  reasonable  value  for  a  California  strike-slip 
faulting  earthquake.  For  example,  the  1989  Loma  Prieta  event 
had  a  static  stress  drop  of  40  to  50  bars  (Houston,  1990).  Be- 
cause near-surface  crustal  rocks  are  probably  non-seismogenic, 
the  top  of  the  slip  model  was  placed  at  a  depth  of  2  km;  hence 
the  modeled  fault  plane  extends  at  depths  from  2  to  14  km. 

The  modeled  soil  site  is  characterized  by  a  24-m  thick  sandy 
profile  comprised  of  two  12-m  thick  constant-velocity  layers. 
The  top  layer  has  a  shear-wave  velocity  of  229  m/sec  and  the 


bottom  layer,  a  velocity  of  259  m/sec.  The  bedrock  velocity 
was  assumed  to  be  a  typical  value  of  762  m/sec.  To  accompa- 
ny the  60  random  slip  distributions,  60  random  velocity  pro- 
files were  generated  assuming  a  log-normal  distribution  with  a 
standard  error  of  1 .4  for  the  soil  and  1 .2  for  the  bedrock.  Mod- 
ulus reduction  and  damping  curves  appropriate  for  sand  were 
used  to  characterize  the  behavior  of  the  soil.  To  treat  uncer- 
tainty in  the  assumed  soil  nonlinearities,  median  modulus 
reduction  and  damping  curves  were  varied  independently 
assuming  a  normal  distribution  truncated  by  judgmental 
bounds.  The  upper-range  Seed-Idriss  (1970)  sand  curve  was 
used  to  characterize  the  median  modulus  reduction  curve.  The 
median  damping  curve  was  taken  as  a  slightly  reduced  mid- 
range  Seed-Idriss  (1970)  sand  curve  (Toro  and  others,  1988). 
The  rock  site  was  simply  characterized  by  a  half-space  veloci- 
ty of  762  m/sec  and  thus  was  not  varied  in  the  computations. 

Because  there  is  uncertainty  regarding  the  actual  ends  of  the 
rupture  surface,  ground  motions  were  computed  at  three  sites. 
Additional  sites,  one  5  km  north  and  one  5  km  south  along 
strike  of  the  actual  site  were  modeled  (Figure  3).  Final  ground 
motions  represent  an  average  of  180  response  spectra  for  the 
three  sites. 

To  incorporate  the  effect  of  raypath  attenuation,  which  has  a 
minor  effect  at  these  short  distances,  a  Q(f)  =  [165±  20.6]f° 33±016 
was  used.  A  normal  distribution  about  the  mean  values  was 


LEGEND 

5%,  south  focus.  PHA=  0.468  g,    PHV  -  39.7  cm/sec 

5%,  middle  focus.  PHA  -  0.665  g,  PHV  -  63.6  cm/sec 

5%,  north  focus,  PHA=  0.493  g,    PHV  -  38.6  cm/sec 

Figure  4.  5%  damped  acceleration  response  spectra  for  the  rock 
site  based  on  three  foci  and  the  base  case  slip  distribution  model. 
Also  shown  are  the  peak  horizontal  accelerations  (PHA)  and 
velocities  (PHV).  The  spectra  illustrate  the  effects  of  rupture 
directivity. 


LEGEND 

.....  5%,  middle  focus,  84th  percentile  PHA=  0.811  g 

5%,  middle  focus,  50th  percentile  PHA- 0.660  g 

5%,  middle  focus,  16th  percentile  PHA=  0.537  g 

Figure  5.  5%  damped  acceleration  response  spectra  for  the  rock  site 
based  on  a  middle  focus  and  the  randomized  slip  models.  The  median. 
16th  and  84th  percentile  spectra  and  peak  horizontal  accelerations 
reflect  the  effects  of  varying  the  slip  distribution. 
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also  assumed.  A  k(0)  of  0.06  sec  for  the  site  was  also  used 
with  a,   =  1 .31 .  The  values  for  the  Q  model  and  k  along  with 
their  associated  uncertainties  were  determined  in  a  study  of 
recordings  at  rock  sites  from  the  1989  Loma  Prieta  earthquake 
(Silva  and  Stark,  1992). 

RESULTS  AND  DISCUSSION 

Strong  ground  shaking,  as  characterized  by  5%  damped 
acceleration  response  spectra,  for  a  soil  site  and  rock  site  adja- 
cent to  the  Hayward  fault  are  shown  in  Figures  4  to  8.  Figure  4 
shows  the  median  spectra  computed  at  the  rock  site  using  the 
base  case  slip  model  (Figure  3)  with  the  three  nucleation 
points.  These  results  illustrate  the  effects  of  directivity  for  a 
site  located  above  the  center  of  the  rupture  plane.  Both  the 
northern  (F3)  and  southern  foci  (Fl)  represent  unilateral  rup- 
ture propagation  and  result  in  comparable  ground  motions. 
Interestingly,  the  ground  motions  computed  for  the  middle 
focus  (F2)  (bilateral  rupture)  are  significantly  higher  than 
those  resulting  from  unilateral  rupture,  perhaps  from  pure 
updip  propagation.  The  elevated  motions  are  also  broadband 
in  nature  extending  from  periods  of  several  seconds  to  peak 
acceleration.  Apparently  directivity  effects,  even  from  updip 


propagation,  can  influence  peak  values  of  acceleration  and 
velocity  and  extend  perhaps  into  the  displacement  range  (peri- 
ods exceeding  1  sec). 

Figure  5  shows  the  effects  of  slip  variation  at  the  rock  site. 
In  this  case,  the  motions  were  averaged  (log-normal)  for  the 
twenty  slip  models  all  with  the  middle  focus  (F2  in  Figure  3). 
The  increasing  spread  of  the  ±1  standard  deviation  with  de- 
creasing period  illustrates  that  the  effects  of  asperity  distribu- 
tion increase  at  short  periods  (less  than  about  0.5  sec).  This 
observation  is  in  contrast  to  the  effects  of  directivity  (Figure 
4),  which  appear  to  be  much  more  broadband  in  nature  at  least 
for  the  models  and  sites  considered  here. 

Figure  6  shows  the  rock  spectra  and  uncertainty  after  aver- 
aging over  all  slip  models,  nucleation  points,  and  the  three 
sites  (180  realizations).  The  median  peak  acceleration  is 
0.60  g  with  an  84th  percentile  value  of  0.78  g.  The  standard 
error  (natural  log)  is  0.27.  Figure  7  shows  the  acceleration 
spectra  for  the  soil  site  with  a  median  peak  acceleration  of 
0.52  g  and  an  84th  percentile  value  of  0.70  g.  The  standard 
error  for  the  soil  site  (natural  log)  is  0.31.  The  slightly  higher 
error  for  the  soil  site  (0.31)  reflects  the  uncertainty  contribu- 
tion by  the  soil  profile  and  soil  nonlinearity.  For  both  the  soil 
and  rock  sites,  Q(f)  and  k  were  also  varied. 


Per  i  od       t  cec ) 
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LEGEND 

5%.  all  foci,  84th  percentile  PHA- 0.782  g 

5%,  all  fod.  50th  percentile  PHA-  0.599  g 

5%.  all  foci,  16th  percentile  PHA.  0.458  g 

Figure  6    5%  damped  acceleration  response  spectra  for  the  rock 
site  for  all  slip  models,  three  sites  and  three  foci.  Median,  16th  and 
84th  percentile  spectra  and  peak  horizontal  accelerations  are 
shown 


LEGEND 

5%,  all  foci,  84th  percentile  PHA- 0.704  g 

5%,  all  foci,  50th  percentile  PHA=  0.519  g 

5%,  all  foci,  16th  percentile  PHA-  0.383  g 

Figure  7.  5%  damped  acceleration  response  spectra  for  the  soil  site 
for  all  slip  models,  three  sites  and  three  foci.  Median,  16th  and  84th 
percentile  spectra  and  peak  horizontal  accelerations  are  shown. 
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It  is  important  to  point  out  that  these  parametric  uncertainty 
estimates  are  probably  low.  This  arises  because  no  uncertainty 
was  assigned  to  the  crustal  velocity  profile  used  to  generate 
the  crustal  amplification  factors  (A[f]  term  in  Figure  2).  Since 
this  is  similar  to  a  site  term  at  these  close  distances,  the  para- 
metric uncertainty  resulting  from  crustal  velocity  variations 
would  likely  not  exceed  the  increase  in  uncertainty  due  to  the 
soil  site. 

A  comparison  of  the  median  rock  and  median  soil  site  spec- 
tra is  shown  in  Figure  8.  The  soil  site  spectrum  (dashed  line) 
shows  a  large  shift  in  its  spectral  peak  to  longer  periods  and  a 
depletion  in  energy  at  short  periods  both  due  to  the  nonlinear 


Per i  od       ( see ) 


LEGEND 

5%.  all  foa,  rock  site,  PHA  =  0.599  g 

5%,  all  foci,  soil  site,    PHA.  0.519  g 

Figure  8.  5%  damped  median  acceleration  response  spectra  for 
both  the  soil  and  hypothetical  rock  sites. 


soil  response.  Beginning  at  long  periods,  the  soil  response 
shows  amplification  relative  to  rock  up  to  about  0.5  sec  where 
there  is  a  crossover  from  amplification  to  deamplification. 
This  pattern  is  not  unusual  and  is  both  observed,  reflected  in 
empirical  attenuation  relationships  (Joy ner  and  Boore,  1988), 
and  generally  predicted  (Silva,  1991). 

SUMMARY 

Based  on  the  ground  motion  modeling  performed  in  this 
study,  very  strong  and  possibly  severe  ground  shaking  can  be 
expected  at  near-field  sites  in  an  impending  future  rupture  of 
the  northern  Hayward  fault.  The  distribution  of  slip  and  loca- 
tion of  asperities  along  the  potential  fault  rupture  and  the  loca- 
tion of  the  rupture  initiation  are  significant  source  factors 
which  will  affect  the  level  and  spectral  content  of  such  ground 
motions.  The  effects  of  directivity  are  broadband  and  extend 
from  several  seconds  to  peak  acceleration  with  an  overall 
effect  of  about  40%  in  the  cases  examined  here.  Similarly,  the 
influence  of  slip  variability  appears  to  be  primarily  at  short 
periods  (<  0.5  sec)  and  increases  with  decreasing  period  with  a 
maximum  effect  of  about  25%.  Based  on  the  comparison  be- 
tween the  soil  site  and  rock  site,  the  effects  of  the  near-surface 
geology  may  be  as  equally  important  as  source  effects  in  the 
near-field  of  a  future  Hayward  fault  earthquake. 

For  a  soil  site  located  200  m  west  of  the  fault,  the  median 
and  84th  percentile  peak  horizontal  accelerations  are  estimated 
to  be  0.52  g  and  0.70  g,  respectively.  The  corresponding  peak 
accelerations  for  a  hypothetical  rock  site  are  slightly  higher  at 
0.60  g  and  0.78  g,  respectively.  The  lower  peak  values  for  the 
soil  site  reflect  the  damping  of  high  frequency  ground  motions 
by  the  soil  column. 
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Unacceptable  Risk:  Earthquake  Hazard  Reduction 
in  One  East  Bay  School  District 

by 
Arrietta  Chakos1  and  Sarah  K.  Nathe2 


ABSTRACT 

This  case  study  illustrates  the  challenges  of  earthquake  hazard  mitigation  in  schools.   It  is  not  surprising,  in 
light  of  all  the  pressing  problems  school  administrators  have  to  contend  with  these  days,  that  school  earth- 
quake preparedness  and  hazard  reduction  are  frequently  overlooked.  Those  concerns  must  compete  with  a 
host  of  other  serious  issues  for  the  time  and  attention  of  the  administrator.   Even  when  an  administrator  does 
attend,  for  one  reason  or  another,  to  earthquake  preparedness,  he  or  she  must  do  so  with  resources  and  time 
that  can  usually  be  spent  on  more  pressing  problems  -  at  least  as  they  are  defined  by  other  groups  with  dif- 
fering interests  and  concerns.  Almost  no  one,  including  the  administrators,  appreciates  that  a  comprehensive 
preparedness  and  hazard  reduction  program  can  take  a  long  time  to  put  in  place  and  involve  almost  everyone 
in  the  district. 

In  Berkeley,  the  Loma  Prieta  earthquake  alerted  a  number  of  parents  to  how  poorly  prepared  the  school 
district  was  for  a  major  quake.   Fortunately,  the  October  1989  earthquake  struck  after  schools  had  discharged 
most  of  their  students  for  the  day;  however,  the  disorder  caused  in  Berkeley  by  stoppages  in  electricity  and 
phone  service  alone  gave  a  few  observant  people  a  good  idea  of  the  chaos  that  would  have  resulted  had  the 
schools  been  in  session.  A  few  parental  inquiries  to  individual  schools  in  Berkeley  Unified  School  District  and 
to  the  Superintendent's  office  revealed  that  emergency  plans  were  out  of  date,  teachers  and  staff  were  not 
trained  in  disaster  response,  alternate  communications  equipment  was  scarce  and  outmoded,  and  there  were 
precious  few  first  aid,  water,  or  food  supplies  anywhere. 

The  school  board  and  administration  of  the  school  district  decided  to  spend  some  money  to  plan  and  pre- 
pare thoroughly  for  a  future  earthquake;  $1 93,000  was  set  aside  for  the  following:  a  district-wide  earthquake 
preparedness  plan  and  school-specific  plans,  training  for  faculty  and  staff,  mitigation  of  nonstructural  hazards, 
a  structural  survey  of  buildings,  and  acquisition  of  first  aid,  water,  and  food  supplies.  When  the  decision  was 
made,  the  administrators  had  no  idea  that  the  structural  survey  would  reveal  a  number  of  Berkeley's  schools 
as  potential  collapse  hazards  in  a  Hayward  fault  earthquake.  The  preparedness  initiative  has  taken  longer 
and  cost  much  more  than  anyone  dreamed.  To  their  credit,  however,  the  board,  administration,  and  some 
dedicated  parents  have  kept  at  the  job  they  started,  though  it  has  become  extremely  difficult. 


1  Berkeley  Unified  School  District,  2134  Martin  Luther  King,  Jr.  Way,  Berkeley,  CA  94704 

2  Bay  Area  Regional  Earthquake  Preparedness  Project  (BAREPP),  Metrocenter,  101  8th 
Street,  Suite  152,  Oakland,  CA  94607-4756 
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Earthquake  Hazard  Reduction  Program  for 
Unreinforced  Masonry  Buildings  in  Berkeley 

by 
George  Varghese1 


ABSTRACT 

A  brief  description  of  the  earthquake  hazard  reduction  program  with  regard  to  unreinforced  masonry 
buildings  by  the  City  of  Berkeley  is  presented.  The  main  features  of  the  paper  are:  Berkeley's  survey 
and  determination  of  potentially  hazardous  buildings,  notification  to  owners  and  their  responses,  a 
brief  description  of  Berkeley's  recently  enacted  code  for  unreinforced  masonry  buildings,  and  the  on- 
going hazard  mitigation  program. 


1  John  A.  Blume  &  Associates,  100  California  Street,  Suite  500, 
San  Francisco,  CA  941 1 1-4529 
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Consequence  Analyses  for 

Unreinforced  Masonry  Buildings  in 

Fremont,  Hayward,  and  San  Leandro 

By 

Charles  R.  Scawthorn1,  Keith  A.  Porter1, 
David  P.  O'Sullivan1,  and  Stephen  K.  Harris1 


ABSTRACT 

This  paper  presents  the  results  of  studies  of  unreinforced  masonry  (URM)  building  seismic 
hazard  mitigation  programs  in  the  East  Bay  cities  of  Fremont,  Hayward,  and  San  Leandro.  The 
studies,  termed  consequence  analyses,  were  performed  in  response  to  California  Senate  Bill 
547,  which  was  enacted  in  July  1986.  SB  547  required  cities  to  identify  URM  buildings  within 
their  jurisdictions,  and  to  prepare  mitigation  plans  for  reducing  the  seismic  hazard  posed  by  these 
buildings.  In  the  consequence  analyses,  we  estimated  potential  deaths  and  injuries,  damage 
costs,  business  interruption  losses,  and  decrease  in  tax  revenues  resulting  from  a  magnitude  7.5 
Hayward  fault  earthquake.  The  analyses  considered  the  effects  of  various  possible  seismic 
strengthening  ordinances  ranging  from  "do  nothing"  to  requiring  upgrade  of  URM  buildings  to 
current  code  levels.  Finally,  the  analyses  compared  upgrade  costs  with  potential  life-safety  im- 
provement and  decreased  damage-related  costs.  Following  these  studies,  each  city  enacted 
URM  building  seismic  upgrade  ordinances.  The  Hayward  and  San  Leandro  ordinances  required 
seismic  upgrade  of  URM  buildings,  while  the  Fremont  ordinance  was  voluntary. 


INTRODUCTION 

Unreinforced  masonry  buildings  are  among  the  most  seis- 
mically  hazardous  types  of  construction;  the  majority  of 
20th  Century  earthquake-related  deaths  are  associated  with 
collapse  of  URM  buildings  (Coburn  and  others,  1989).  We 
estimate  that  more  than  3500  URM  buildings  exist  in  Alam- 
eda and  Contra  Costa  counties,  and  are  occupied  by  as  many 
as  40000  people.  To  reduce  this  life-safety  risk,  the  Califor- 
nia legislature  enacted  Senate  Bill  547  in  July  1986,  which 
requires  cities  to  prepare  mitigation  plans  for  reducing  the 
hazard  posed  by  URM  buildings.  The  details  of  the  hazard 
mitigation  plan  were  left  up  to  city  authorities.  In  response 
to  SB  547,  the  cities  of  Fremont,  Hayward,  and  San  Leandro 
each  commissioned  a  two-phase  study  of  the  URM  build- 
ings within  their  jurisdictions. 


In  phase  one  of  these  studies,  consulting  engineers  assisted  city 
officials  in  identifying  and  listing  the  URM  buildings  within  their 
jurisdictions,  as  required  by  SB  547.  In  the  second  phase,  the  haz- 
ards posed  to  life  and  property  by  the  URM  buildings  were  as- 
sessed, to  help  city  authorities  develop  technical  hazard  mitigation 
programs. 

This  second  phase,  termed  a  consequence  analysis,  produced 
estimates  of  potential  deaths  and  injuries,  building  damage  costs, 
business  interruption  costs,  and  reduction  in  tax  revenues  resulting 
from  earthquake  damage  to  URM  buildings.  In  addition,  a  number 
of  possible  upgrade  criteria  were  considered,  and  analyses  per- 
formed to  determine  the  potential  upgrade  costs  and  benefits  of 
these  upgrades  for  building  occupants,  owners,  and  city  revenues. 
The  possible  upgrade  criteria  ranged  from  "do-nothing"  to  manda- 
tory upgrade  of  all  URM  buildings  to  the  current  building  code. 


1EQE  Engineering  and  Design,  44  Montgomery  Street,  Suite  3200,  San  Francisco,  CA  94104 
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IDENTIFYING  UNREINFORCED 
MASONRY  BUILDINGS 

A  URM  building  is  one  constructed  of  brick,  concrete  block, 
hollow  clay  tile,  adobe,  or  stone  walls  with  minimal  or  no 
embedded  reinforcing  steel.  The  walls  may  be  classified  as 
bearing  or  infill  walls.  Bearing  walls  support  a  significant 
portion  of  a  building's  vertical  floor  and  roof  loads  (gravity 
loads),  while  infill  walls  depend  on  steel  or  concrete  frames  to 
support  gravity  loads. 

URM  bearing  walls  are  particularly  dangerous  since  they 
offer  little  resistance  to  earthquake  shaking  before  degrading 
and  ultimately  collapsing.  This  situation  is  aggravated  as  the 
mortar  deteriorates  with  time.  Often  URM  walls  are  not  ade- 
quately tied  to  the  roof  and  floors.  This  allows  excessive  rela- 
tive motion  that  can  lead  to  sudden  collapse  of  the  structure.  In 
addition  to  these  problems,  URM  buildings  often  have  ground 
floors  with  open  fronts  and  little  crosswise  bracing.  This  defi- 
ciency can  allow  excessive  movement  and  twisting  motions, 
which  tend  to  increase  damage.  Lastly,  brick  parapet  walls  can 
fail  and  collapse  on  pedestrians  below. 

URM  was  a  popular  material  used  for  "fireproof  construc- 
tion until  codes  requiring  earthquake-resistant  design  were 
implemented.  Such  codes  were  adopted  as  early  as  about  1933 
in  some  jurisdictions  and  as  late  as  the  mid-1950s  in  others. 
However,  since  building  code  provisions  typically  have  not 
been  applied  retroactively,  the  majority  of  existing  URM 
buildings  have  not  been  strengthened.  In  consequence,  URM 
buildings  have  remained  legal  to  occupy  and,  although  the 
dangers  of  this  construction  type  are  well  documented  within 
the  technical  community,  the  general  public  is  not  well  in- 
formed of  the  dangers  posed  by  these  structures. 

Surveys  conducted  as  part  of  the  phase  one  investigations 
indicated  that  Fremont,  Hayward,  and  San  Leandro  contained 
32,  92,  and  59  URM  buildings,  respectively.  These  buildings 
included  commercial  space,  assembly  halls,  industrial  facili- 
ties, residences,  restaurants,  and  garages.  They  ranged  from 
one  to  four  stories  in  height.  Few  if  any  had  been  retrofitted 
before  these  studies  began.  However,  soon  after  city  govern- 
ments notified  building  owners  that  their  buildings  were  con- 
sidered hazardous,  several  owners  voluntarily  embarked  on 
upgrade  programs.  The  surveys  were  limited  in  scope,  based 
only  on  readily  visible  physical  evidence,  and  did  not  include 
entry  into  the  buildings,  review  of  structural  drawings  and 
design  calculations  (both  of  which  are  often  lacking),  or  field 
testing  of  building  materials. 

CONSEQUENCE  ANALYSIS 

The  potential  for  seismic  damage  in  any  URM  building 
depends  on  several  factors:  the  magnitude  and  location  of  the 
scenario  earthquake,  distance  from  the  earthquake  fault  rup- 
ture to  the  site,  soil  conditions  beneath  the  building,  and  the 
size,  configuration,  condition,  contents,  and  occupancy  of  the 
building  itself.  Each  of  these  parameters  is  discussed  below. 


Scenario  earthquake 

The  scenario  earthquake  used  in  the  consequence  analyses 
was  a  magnitude  7.5  event  resulting  from  a  rupture  along  the 
entire  length  of  the  Hayward  fault,  as  hypothesized  in  a  study 
by  the  California  Division  of  Mines  and  Geology  (Steinbrugge 
and  others,  1987). 

Seismic  Hazard  Mitigation  Levels 

Each  of  the  three  city  agencies  considered  a  range  of  URM 
upgrade  options,  which  differed  in  the  degree  of  action  that 
was  mandated  and  the  force-level  standard  that  was  required. 
Hayward  and  San  Leandro  considered  four  optional  URM 
upgrade  ordinances,  or  levels: 

Level  0.   Minimum  compliance  ("notification  only"), 
which  would  mandate  no  strengthening,  but  simply 
require  that  owners  were  notified  that  their  building 
was  "potentially  hazardous." 

Level  1.   Upgrade  to  force  levels  recommended  by  the 
California  Seismic  Safety  Commission  (1987)  in  its 
draft  model  ordinance  for  rehabilitating  hazardous 
masonry  buildings,  which  was  based  on  provisions  in 
the  Los  Angeles  Building  Code  ("Division  88").  This 
requires  a  typical  upgraded  URM  building  to  resist 
10%  of  its  weight  in  seismic  force.  This  level  is  in- 
tended to  reduce  casualties,  not  to  mitigate  property 
damage  substantially. 

Level  1A.    Upgrade  to  force  levels  required  by  the  1973 
edition  of  the  Uniform  Building  Code  (UBC).  These 
strength  levels  reach  13.3%  of  the  building's  own 
weight  in  lateral  resistance,  approximately  72%  of 
force  levels  required  by  current  code.  Level  1A  was 
intended  to  mitigate  casualties  to  a  greater  degree 
than  Level  1.  Like  Level  1,  however,  it  was  not  in- 
tended to  reduce  property  damage. 

Level  2.   Upgrade  to  the  force  levels  of  the  1988  UBC. 
UBC  design  lateral  forces  can  reach  18.6%  of  the 
building's  weight.  The  1988  UBC  states  that  its  provi- 
sions are  intended  "to  provide  minimum  standards  to 
safeguard  life  or  limb,  health,  property  and  public 
welfare  .  .  .  ."  Note  that  1988  UBC  force  levels  ex- 
ceed those  of  the  1973  UBC,  reflecting  an  implicit 
change  in  the  definition  of  minimim  standards.  Mini- 
mum is  nowhere  explicitly  defined  in  the  UBC. 

The  analysis  of  Fremont  URM  buildings  excluded  Level  1 A 
as  an  option.  Level  1  upgrade  for  Fremont  URM  buildings 
was  defined  as  upgrading  the  buildings  to  meet  Appendix 
Chapter  1  of  the  1991  Uniform  Building  Code  for  Building 
Conservation  (UCBC),  "Seismic  Strengthening  Provisions  for 
Unreinforced  Masonry  Bearing  Wall  Buildings,"  which  was 
available  in  draft  form  at  the  time  our  analysis  was  performed. 
Strength  levels  required  by  the  1991  UCBC  for  most  URM 
buildings  are  similar  to  those  of  Division  88. 
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Damage  Estimation 

We  estimated  the  potential  earthquake  damage  to  each 
building  for  each  strengthening  level,  using  the  following  five 
steps: 

First,  we  observed  each  building  and  assigned  it  a  condition, 
based  on  our  engineering  judgment  of  its  configuration  and 
wall  layout.  We  rated  each  building  as  best,  good,  average, 
poor,  or  worst  condition. 

Second,  we  assigned  each  building  a  damage  state,  which 
described  how  badly  the  building  was  expected  to  be  damaged 
by  the  scenario  earthquake.  Possible  damage  states  included 
nil,  light,  moderate,  heavy,  partial  collapse,  and  collapse. 
Damage  states  were  assigned  using  seismic  fragility  functions 
developed  from  ATC-13  (Rojahn  and  others,  1986),  based  on 
building  condition  and  seismic  intensity.  The  CDMG  Hay- 
ward  Fault  Earthquake  Scenario  study  (Steinbrugge  and  oth- 
ers, 1987)  furnished  the  scenario  earthquake  shaking  intensity. 

Third,  we  assessed  various  measures  of  damage  to  each 
building  based  on  building  size,  use,  and  damage  state.  This 
was  done  using  damage  ratios,  as  defined  in  ATC-13.  For 
each  damage  state,  the  damage  ratios  describe  percentage  of 
occupants  killed  and  injured,  percentage  of  building  and  con- 
tents value  lost,  and  time  needed  to  repair  damage.  Business 
interruption  losses  and  tax  revenue  losses  were  assessed  using 
these  quantities. 


Fourth,  we  performed  damage  assessments  for  each  upgrade 
option.  Upgrade  was  assumed  to  improve  building  condition. 
For  example,  upgrading  a  poor  condition  building  to  current 
code  was  assumed  to  raises  its  condition  to  good.  City  of  Fre- 
mont Building  and  Safety  Department  engineers  estimated  the 
degree  of  compliance  that  might  be  expected  from  building 
owners  in  the  case  of  voluntary  upgrade  programs. 

Finally,  we  compared  costs  and  benefits  for  each  upgrade 
option.  We  defined  cost  as  structural  and  architectural  work 
necessary  to  comply  with  the  upgrade  programs.  For  the  pur- 
poses of  the  cost/benefit  analyses,  we  defined  benefits  as  the 
sum  of  reduction  in  building  damage,  contents  damage,  busi- 
ness interruption,  and  tax  revenue  loss.  (Tax  revenue  is  lost  as 
a  result  of  reduced  business  revenues  and  assessed  building 
value.  Mitigating  damage  therefore  mitigates  tax  revenue  loss- 
es.) Upgrade  costs  were  estimated  based  on  past  experience, 
various  research  reports,  and  regional  construction  cost  stud- 
ies. 

Findings 

An  estimated  4400  persons  occupy  the  subject  URM  build- 
ings during  daytime  hours.  If  these  buildings  remain  un- 
strengthened  and  a  magnitude  7.5  Hayward  fault  earthquake 
occurs  during  daytime  hours,  an  estimated  2800  injuries  and 
600  deaths  could  result.  Subject  building  structures  and  con- 
tents, whose  value  was  estimated  to  be  approximately  $145 
million,  would  suffer  greater  than  90%  physical  damage.  The 
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Figure  1.  Estimated  deaths  in  183  Fremont,  Hayward,  and  San 
Leandro  URM  buildings  following  a  daytime  M7.5  Hayward  fault 
earthquake. 
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Figure  2.  Estimated  injuries  in  183  Fremont,  Hayward,  and  San 
Leandro  URM  buildings  following  a  daytime  M7.5  Hayward  fault 
earthquake. 
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Figure  3.  Estimated  upgrade  and  damage  costs  for  183  Fremont, 
Hayward,  and  San  Leandro  URM  buildings. 
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majority  of  businesses  and  tenants  would  be  dislocated,  and 
months  or  years  could  be  required  to  effect  repairs.  Consider- 
ing physical  damage,  business  interruption,  and  other  costs, 
total  cost  was  estimated  to  be  $180  million,  approximately 
25%  greater  than  the  replacement  value  of  the  buildings. 

We  estimated  that  substantial  reductions  in  deaths  and  inju- 
ries would  result  from  increased  strengthening  (Figs.  1  and  2). 
Mandatory  upgrade  to  Level  1  would  reduce  casualties  by  as 
much  as  70%.  This  option  was  estimated  to  reduce  repair  and 
business  interruption  costs  by  almost  20%  (Fig.  3).  We  esti- 
mated that  upgrade  to  Level  1A  would  reduce  casualties  and 
damage  costs  by  almost  90%  and  40%,  respectively.  Manda- 
tory upgrade  to  Level  2  could  prevent  virtually  all  deaths  and 
injuries  related  to  building  structural  damage,  and  reduce  dam- 
age on  the  order  of  60%.  (Figs.  1-3  include  estimates  for  Level 
1A  upgrade  of  Fremont  URM  buildings.  Damage  estimates  in 
Fig.  3  reflect  repair  and  business  interruption  costs.  City  tax 
revenue  losses,  typically  less  than  0.5%  of  the  total  figure 
under  the  assumptions  of  the  analyses,  are  also  included.) 

To  achieve  these  performance  improvements  would  require 
substantial  initial  outlay  for  strengthening.  Under  average 
conditions,  strengthening  a  typical  URM  was  estimated  to  cost 
approximately  $25,  $35,  or  $65  per  square  foot,  for  Level  1, 
1A,  or  2,  respectively.  These  costs  are  quite  substantial.  For 


example,  to  strengthen  a  typical  URM  of  6000  square  feet 
could  cost  between  $150000  and  $400000,  depending  on  up- 
grade option  chosen. 

CONCLUSIONS 

A  large  Hayward  fault  earthquake  could  seriously  damage 
virtually  all  URM  buildings  in  Fremont,  Hayward,  and  San 
Leandro.  The  majority  of  occupants  in  these  building  would 
be  killed  or  injured  if  the  buildings  remain  unstrengthened 
when  the  earthquake  occurs.  We  found  that  upgrading  struc- 
tures to  Level  1, 1A,  or  2  could  substantially  reduce  injuries, 
loss  of  life,  and  damage,  and  result  in  net  savings  over  initial 
strengthening  costs.  Upgrade  costs  may  be  prohibitively  ex- 
pensive, however,  for  many  building  owners.  Furthermore, 
even  under  Level  2  strengthening,  total  cost  could  approxi- 
mately equal  the  replacement  value  of  the  URM  buildings. 

Following  the  conclusion  of  these  studies,  Fremont,  Hay- 
ward, and  San  Leandro  initiated  programs  to  strengthen  unre- 
inforced  masonry  buildings.  Hayward  and  San  Leandro  enact- 
ed ordinances  that  required  strengthening  URM  buildings  to 
Level  1  A.  The  City  of  Fremont  enacted  an  ordinance  encour- 
aging, but  not  requiring,  upgrade  to  Level  1. 
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Seismic  Retrofit  of  Hayward  City  Center  Building 


by 
Ronald  O.  Hamburger1  and  Craig  A.Cole2 


ABSTRACT 

The  Hayward  City  Center  Building,  located  within  1/3  mile  of  the  Hayward  fault,  is  constructed  of  brittle 
concrete  frame  construction  and  is  representative  of  many  1950's  and  1960's  buildings  in  California. 
The  City,  desirous  of  using  the  facility  for  managing  post-earthquake  recovery  activities,  undertook  a 
seismic  retrofit  program  to  accomplish  this  objective.  Following  an  evaluation  of  the  seismic  vulnerability 
of  the  building,  we  evaluated  various  strengthening  alternatives.  Conventional  approaches  were  unable 
to  meet  the  City's  post-earthquake  functionality  objectives.  We  developed  a  base  isolation  design  that 
would  meet  the  City's  criteria  by  subsequently  utilizing  a  softer-than-normal  system  and  taking  advan- 
tage of  particular  characteristics  of  near-field  ground  motion. 


INTRODUCTION 

The  Hayward  City  Center  Building,  located  at  22300  Foothill 
Boulevard  in  Hayward,  California,  serves  as  the  principle  facili- 
ty for  City  of  Hayward  staff  and  services.  The  building  is  an  1 1 
story  reinforced  concrete  frame  structure  utilizing  high  strength 
lightweight  concrete  (Figure  1). 

We  performed  a  preliminary  seismic  evaluation  of  the  build- 
ing following  the  1989  Loma  Prieta  Earthquake.  Although  the 
building  suffered  no  damage  as  a  result  of  the  moderate  ground 
motion  from  this  event  (measured  response  of  .04g),  the  build- 
ing was  found  to  be  extremely  vulnerable  to  more  severe  ground 
shaking. 

The  building  is  representative  of  the  many  essential  municipal 
services  facilities  in  the  East  Bay  constructed  to  deficient  design 
standards  of  the  1950's  and  60's,  and  located  close  to  the  Hay- 
ward fault. 

We  evaluated  various  options  to  upgrade  the  seismic  resis- 
tance of  the  building.  We  selected  base  isolation  as  the  system 
most  capable  of  meeting  the  performance  objectives  of  the  City. 
In  the  following  paragraphs,  we  describe  the  upgrade  options 
considered,  the  reasons  for  selecting  base  isolation,  and  some  of 
the  complications  we  found  during  the  design  process  (currently 
in  progress)  resulting  from  the  near-fault  location,  building  con- 
figuration, and  poor  concrete  detailing  practices  typical  of  simi- 
lar construction  dating  to  the  1960's. 


BUILDING  DESCRIPTION 

The  1 1 -story  reinforced  concrete  structure  is  rectangular  in 
plan  (Figure  2).  Columns  are  typically  located  25  feet  on  center 
in  both  directions.  Above  the  third  floor  the  structural  layout  is 
very  regular  and  symmetrical.  Below  the  third  floor  near  the 
west  end  the  columns  span  50  feet  to  accommodate  the  council 
chambers  (Figure  2b). 


Figure  1 :  Hayward  City  Center  Building,  north  elevation 
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Figure  2:  Hayward  City  Center  Building. 

(a)  Typical  level  floor  plan, 

(b)  Plaza  level  floor  plan 


The  building  is  located  on  a  hillside  sloping  toward  the  north- 
west. The  bottom  level  of  the  building,  termed  the  "Mall"  level  is 
below  grade  on  the  east  side  and  at  grade  on  the  west  (Figure  1). 

Vertical-Load-Carrying  System 

Typical  floors  above  the  third  are  constructed  using  a  system 
of  pan  joists,  which  are  closely  spaced  cast-in-place  concrete 
beams,  spanning  in  the  north-south  direction.  The  columns 
above  the  third  floor  (termed  piers  hereafter  to  distinguish  them 
from  the  interior  columns  and  the  columns  below  the  third  floor) 
are  located  at  5  feet  on  center  around  the  perimeter.  All  the  north 
and  south  piers  and  the  piers  located  at  25  feet  on  center  along 
the  east  and  west  ends  are  load  bearing.  The  perimeter  piers  are 
30"  wide  and  15"  deep.  The  interior  columns  are  24"  square. 
Below  the  third  level,  the  perimeter  wall  is  supported  by  a  6  foot 
deep  beam  and  30"  square  columns  at  25  feet  on  center.  Founda- 
tions at  the  east  side  of  the  building  are  cast  directly  onto  rock. 
At  the  west  side  caissons  are  drilled  and  cast  onto  rock.  Grade 
beams  tie  the  caissons. 


Lateral-Load-Resisting  System 

Above  the  third  floor,  the  building  behaves 
essentially  as  a  "box"  type  structure.  The  floor 
and  roof  systems  act  rigid  and  distribute  lateral 
loads  to  the  perimeter  piers. 

Below  the  third  floor,  the  building  behaves 
as  a  moment  resisting  frame  structure.  Lateral 
loads  are  transferred  by  the  third  floor  to  the 
various  columns  which  transmit  loads  to  the 
Mall  level  retaining  walls  at  the  east  end  and 
to  the  caisson  foundation  at  the  west  end. 

SEISMIC  VULNERABILITY 

We  initially  calculated  the  demands  on 
structural  elements  by  the  technique  of  seismic 
response  spectrum  analysis  in  accordance  with 
the  requirements  of  the  1988  Uniform  Build- 
ing Code  (UBC).  We  calculated  demands 
exceeding  capacities  by  factors  in  the  range  of 
2  to  3  for  many  members  and  by  factors  up  to 
4  in  selected  members. 


The  building  has  many  extremely  vulnerable 
conditions  and  low  capacities.  The  Mall  and 
Plaza  levels  constitute  an  extremely  soft-story 
(Figure  1).  The  basement  shear  walls  on  the 
east  end  coupled  with  30  foot  high  columns  on 
the  west  end  will  cause  extreme  twisting  of  the 
building  during  seismic  shaking.  The  vertical 
transition  of  columns  over  the  council  cham- 
bers is  a  significant  vertical  irregularity.  Most 
importantly  the  building  incorporates  extreme- 
ly brittle  detailing.  The  high-strength  light- 
weight columns  below  the  third  floor  have  #3 
ties  at  18"  on  center  rather  than  the  maximum  spacing  of  4" 
required  by  the  1988  UBC.  The  perimeter  piers  above  the  third 
floor  are  offset  from  the  beams  6  inches  and  typically  have  #3 
ties  at  10"  on  center.  Two-inch-deep  horizontal  architectural 
reveals  (i.e.,  indentations)  are  also  located  at  the  base  of  each 
pier  and  top  of  each  exterior  column. 

We  strongly  recommended  strengthening  of  the  structure  fol- 
lowing our  evaluation  on  the  basis  of  the  above  vulnerabilities 
and  the  hazardous  location  within  1/3  mile  of  the  Hayward  fault. 

UPGRADE  ALTERNATIVES  EVALUATED 

We  performed  initial  studies  to  determine  the  feasibility  and 
cost  of  upgrading  the  building  structure  to  meet  the  lateral-force 
requirements  of  both  the  1973  and  1988  UBC  criteria,  as  well  as 
to  assess  several  seismic  energy  dissipation  techniques. 

The  preliminary  concept  selected  consisted  of  installing  braced 
frames  below  the  third  floor  and  infilling  selected  windows 
above  the  third  floor.  The  braced  frames  eliminated  the  soft/ 
weak-story,  transferred  the  bending  away  from  the  brittle 
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frames,  and  minimized  the  twisting  caused  by  the  stiff  east- 
versus-west  flexible  columns.  The  infilled  windows  reduced  the 
demands  on  the  existing  perimeter  piers  to  the  strength  levels 
permitted  by  the  1973  and  1988  UBCs,  respectively. 

We  informed  the  City  that  due  to  the  building's  brittle  con- 
struction and  its  proximity  to  the  Hayward  fault,  strengthening  to 
the  nominal  force  levels  of  either  code  would  not  provide  the 
City  the  ability  to  re-occupy  the  building  immediately  following 
a  major  earthquake  and  was  unlikely  to  provide  acceptable  life- 
safety  performance  in  the  event  of  a  major  earthquake. 

Base  Isolation 

We  then  performed  a  base  isolation  feasibility  study  and  con- 
cluded, that  by  base  isolating  the  building,  the  City's  objectives 
of  returning  the  building  to  operation  soon  after  a  major  earth- 
quake could  be  accomplished. 

We  evaluated  alternate  planes  of  isolation  and  concepts  for 
strengthening  the  soft/weak-story.  The  alternatives  were  re- 
viewed for  their  effect  on  structural  reliability,  impact  on  space 
utilization  and  handicapped  access,  aesthetics,  and  cost. 

Locating  the  plane  of  isolation  at  the  base  of  the  structure  was 
determined  to  have  similar  costs  to  other  planes  evaluated,  even 
though  a  large  moat  and  new  retaining  wall  was  required  to  be 
constructed  around  the  east  end  of  the  building.  A  true  "base" 
isolation  system  also  simplified  problems  in  maintaining  eleva- 
tor operation  following  the  earthquake,  minimized  the  aesthetic 
impact,  and  provided  the  simplest  solution  for  providing  handi- 
capped access.  With  the  exception  of  slightly  higher  overturning 
forces,  the  base  plane  also  allowed  a  simpler  means  to  provide 
high  structural  reliability. 

Material  Testing 

We  performed  a  significant  amount  of  material  testing  on  the 
building  to  determine  capacities  of  the  high-strength  lightweight 
concrete  as  this  type  of  material  has  been  found  to  perform  in  a 
very  brittle  manner  under  seismic  loading.  Concrete  core  sam- 
ples were  taken  at  several  locations  at  each  floor.  Concrete  cylin- 
ders of  beams,  columns,  and  piers  were  also  obtained  and  tested. 
Testing  of  reinforcing  steel  within  the  building  was  limited  to 
extraction  of  steel  in  several  perimeter  piers  located  above  the 
third  floor.  This  testing  was  performed  to  confirm  several  areas 
of  unclear  information  of  the  original  building  design  drawings, 
including  the  yield  strength  of  the  material  and  the  type  of  splice 
details. 

Post-yield  compression  results  for  the  lightweight  concrete 
indicated  severe  spalling  occurs  at  design  level  strains  for  the 
regular  strength  (4,000  psi)  concrete  and  significantly  below 
design  level  strains  for  the  high  strength  (5,000  psi)  concrete. 
The  high  strength  concrete  was  therefore  confirmed  to  be  very 
brittle. 

Results  of  the  reinforcing  steel  testing  and  inspection  program 
indicated  that  vertical  steel  in  the  exterior  shear  walls  is  com- 
posed of  high  strength  (60,000  psi)  material,  similar  to  that  of 
the  main  building  columns,  instead  of  the  medium  strength 


(40,000  psi)  steel  the  drawings  imply.  In  addition,  we  deter- 
mined that  rebar  splices  in  the  piers  were  made  with  direct  bear- 
ing "G-Loc"  brand  couplers  with  negligible  tensile  capacity. 

The  results  of  the  material  testing  program  indicated  that  the 
concrete  piers  above  the  third  floor  are  much  less  ductile  than 
previously  envisioned. 

Inelastic  Pier  Behavior 

Post-yield  moment-curvature  analyses  were  performed  on  the 
concrete  piers  to  assess  their  ductility  (i.e.,  performance  under 
severe  cyclical  load  conditions).  The  capacities  at  the  top  and 
bottoms  of  the  piers  were  evaluated  taking  into  account  the  pres- 
ence of  deep  concrete  reveals  and  the  potential  failure  of  rein- 
forcing steel  at  the  compression  only  splices. 

We  found  the  maximum  shear  demands  on  the  piers  to  be 
approximately  equal  to  the  shear  capacity  of  the  piers.  The  piers 
therefore  can  be  expected  to  fail  in  shear  at  approximately  the 
same  time  inelastic  bending  of  the  pier  initiates.  The  story  dis- 
placement to  initiate  failure  was  calculated  to  be  only  0.2  inches. 
Therefore,  the  piers  were  determined  to  have  essentially  no  duc- 
tility. 

Based  on  the  material  test  results  and  inelastic  behavior  analy- 
ses, it  was  decided  that  the  piers  must  be  kept  elastic  in  order  to 
avoid  collapse  and  ensure  continued  function  during  a  major 
earthquake. 

Building  Strengthening 

In  addition  to  strengthening  the  soft  story  at  the  Mall  and  Plaza 
levels,  we  strongly  recommended  strengthening  above  the  third 
floor  to  provide  new  ductile  elements  and  to  reduce  the  loads  on 
the  existing  non-ductile  elements  such  that  they  remain  elastic. 
The  proposed  strengthening  would  add  approximately  20%  to 
the  cost  of  the  upgrade  and  reduce  the  flexibility  of  interior  de- 
sign at  the  upper  floors.  Both  conditions  were  unacceptable  to 
the  City. 

The  extremely  brittle  nature  of  the  piers  also  significantly 
complicated,  if  not  eliminated,  the  feasibility  of  upgrading  the 
building  using  conventional  techniques  because  half  of  the 
building  piers  are  load-bearing  elements,  and  their  integrity 
needs  to  be  maintained  under  seismic  loads.  These  piers  are  also 
extremely  stiff.  Therefore  new  members  added  to  the  structure 
as  part  of  a  conventional  upgrade  must  be  extremely  rigid  in 
order  to  control  drifts  of  the  existing  piers.  Addition  of  new  stiff 
members  would  also  cause  greater  amplification  of  ground  mo- 
tion ,  increasing  the  overall  demand  on  the  structure.  This  ratch- 
eting affect  would  result  in  the  need  for  an  excessive  amount  of 
strengthening  including  new  stiff  ductile  elements,  significant 
strengthening  of  the  foundation  to  resist  high  overturning  forces 
and  retrofitting  the  building  columns  such  that  tension  forces 
could  be  resisted  (not  possible  due  to  the  current  compression 
type  rebar  splices).  In  addition,  the  floor  accelerations  during 
significant  ground  shaking  in  a  structure  strengthened  as  de- 
scribed above  would  be  extreme  and  cause  severe  damage  to  the 
building  contents. 
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Figure  3.  Design  response  spectra  for  horizontal  accelerations  (damping  ratio  of  5%). 
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We  subsequently  developed  an  approach  that  met  the  City's 
requirements  of  minimizing  strengthening  above  the  third  floor 
by  utilizing  a  very  soft  isolation  system  which  could  take  maxi- 
mum advantage  of  the  unique  character  of  near-field  motion. 

GROUND  MOTION  STUDIES 

The  base  isolation  requirements  of  Division  III  of  the  1991 
UBC  Appendix  requires  isolators  to  be  designed  for  two  earth- 
quake levels:  a  Design  Basis  Earthquake  (DBE),  and  a  Maxi- 
mum Credible  Earthquake  (MCE).  Although  these  requirements 
are  for  new  structures  rather  than  retrofit  design,  We  directed  the 
geotechnical  consultant  to  develop  ground  motion  data  for  these 
two  earthquake  levels.  The  MCE  spectrum  was  intended  to  be 
used  primarily  for  ensuring  adequate  isolator  stability  at  this  low 
probability  event. 

Both  probabilistic  and  deterministic  analysis  techniques  were 
utilized  by  the  geotechnical  consultant  in  assessing  the  ground 
motions  expected  at  the  site  for  the  DBE  and  MCE  events.  The 
DBE  ground  motions  were  developed  based  on  a  10%  probabili- 
ty of  exceedance  in  50  years.  The  MCE  ground  motions  were 
developed  based  on  a  10%  probability  of  exceedance  in  250 
years.  Initially,  a  magnitude  7  rupture  on  either  the  northern  or 
southern  segments  of  the  Hayward  fault  was  assumed  to  repre- 
sent the  DBE  event,  and  a  rupture  of  both  segments  of  the  fault 
was  assumed  to  represent  the  MCE  event  in  the  deterministic 
analysis. 

Horizontal  Ground  Motions 

The  phenomena  of  fault  rupture  "directivity"  was  investigated. 
Near  fault  records  where  the  rupture  propagates  towards  the 
instrumentation  were  compared  with  records  where  the  rupture 
propagated  away.  Significantly  higher  ground  motions  in  the 
long  period  range,  applicable  for  the  base  isolated  structure, 
were  observed  when  the  rupture  came  toward  as  opposed  to 
away  from  the  instrumentation. 

The  results  of  the  probabilistic  analyses,  the  deterministic 
analyses,  and  the  near  fault  analyses  were  compared  and  design 
spectra  developed.  The  5%  damped  DBE  and  MCE  horizontal 
spectra  showing  both  random  rupture  direction  and  rupture  to- 
ward the  site  are  shown  in  Figure  3a  and  3b.  The  more  conserva- 
tive spectra  indicating  rupture  towards  the  site  were  recommend- 
ed for  design.  At  the  natural  response  of  the  isolated  structure,  at 
a  period  of  three  seconds,  the  5%  damped  spectral  accelerations 
are  0.23  and  0.38g  for  the  DBE  and  MCE  respectively. 

Using  the  horizontal  DBE  spectrum,  analyses  of  alternate  base 
isolation  systems  yielded  base  shears  on  the  order  of  0.18g, 
significantly  higher  than  the  calculated  0.12  elastic  north-south 
base  shear  capacity  of  the  building. 

We  concluded  that  the  only  way  to  reduce  the  base  shear  on 
the  building,  and  hence  reduce  the  need  to  strengthen  the  super- 
structure, was  to  install  softer  base  isolators.  This,  however, 
leads  to  large  displacements  that  significantly  complicate  the 
base  isolation  design. 


The  initial  investigation  of  ground  motion  data  was  limited  to 
records  under  4  seconds  in  period.  Reduction  of  building  de- 
mand to  acceptable  levels  would  require  isolators  with  periods 
approaching  4  seconds  and  potentially  higher.  The  geotechnical 
consultant  was  directed  to  investigate  the  ground  motion  data  in 
the  period  range  from  4  to  10  seconds.  Particular  emphasis  was 
given  to  assess  maximum  displacements,  as  it  was  believed  that 
at  the  period  of  the  isolated  structure,  displacements  would  be 
limited  (Newmark  and  Hall,  1982).  Potentially  a  softer  isolator 
would  yield  lower  building  accelerations  with  no  increase  in 
displacement. 

The  long  period  motions  were  investigated  by  assessing  both 
empirical  records  for  near  field  sites  and  using  analytic  fault- 
rupture  modeling  techniques.  The  results  of  these  analyses  dem- 
onstrated that  for  near  field  sites  in  the  long  period  range  (greater 
than  3  seconds)  accelerations  expected  perpendicular  to  the  fault 
are  more  than  twice  those  expected  parallel  to  the  fault.  The 
spectra  revised  to  include  the  results  of  this  "directionality"  in- 
vestigation are  shown  in  Figure  3  (c  and  d). 

The  Hayward  City  Center  Building  is  fortuitously  oriented 
with  its  short  (and  weak)  direction  nearly  parallel  to  the  fault  and 
its  long  (and  stronger)  direction  perpendicular  to  the  fault.  At 
periods  of  approximately  3.5  seconds  base  shears  are  calculated 
to  be  approximately  0.1  Og.  The  building  will  remain  elastic 
when  subject  to  this  level  of  ground  motion  without  strengthen- 
ing above  the  third  floor. 

Vertical  Ground  Motion 

Another  near  fault  phenomenon  investigated  was  vertical 
ground  motion.  Based  on  available  near  fault  records  and  empir- 
ical attenuation  relationships,  we  developed  vertical  ground 
motion  spectrum  for  the  DBE  event  (Figure  4). 

The  vertical  spectral  accelerations  on  the  building  using  the 
spectrum  shown  in  Figure  4  is  extremely  large.  At  the  building's 
estimated  vertical  frequency  of  0.15  seconds  (estimated  using  a 
vertical  2-D  analysis  model  and  confirmed  by  United  States 
Geological  Survey  instrumentation  in  the  building)  the  DBE 
spectral  acceleration  is  nearly  2.0g. 

We  performed  a  dynamic  response  spectra  analysis  to  assess 
the  effect  of  multiple  modes.  An  amplification  of  up  to  1.5g 
resulted  at  the  base  of  the  building  model.  This  high-frequency 
motion  would  act  simultaneously  with  the  long  period  lateral 
motion  of  the  isolated  structure. 

Typical  structural  designs  neglect  vertical  response  effects. 
This  may  contribute  to  the  frequent  spectacular  failures  which 
have  occurred  in  the  near  field  of  past  earthquakes. 

The  project  team  is  currently  designing  the  elements  necessary 
to  strengthen  the  structure  below  the  third  floor  in  order  to  ac- 
commodate the  large  seismic  demands  determined  in  the 
geotechnical  investigation.  Evaluation  of  alternative  base  isola- 
tor systems  is  also  continuing  and  an  isolator  performance  speci- 
fication will  soon  be  developed. 
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Figure  4.  Representative  vertical  response  spectrum  for  a  magnitude  7.I 
earthquake  on  Hayward  fault  (damping  ratio  5%). 


CONCLUSIONS 

Base  isolation  was  determined  to  be  the  only  practical  alterna- 
tive to  retrofitting  the  Hayward  City  Center  Building.  This  was 
found  to  be  the  case  not  only  to  provide  for  a  facility  that  would 
function  soon  after  the  earthquake,  but  also  to  provide  for  a  high 
level  of  confidence  that  the  life-safety  performance  of  the  struc- 
ture can  be  maintained  for  this  brittle  structure  located  close  to 
the  Hayward  fault. 

The  studies  undertaken  during  the  project  brought  out  several 
important  elements  that  others  should  consider  in  the  evaluation 
or  design  of  structures  near  faults  or  in  other  base  isolation 
projects: 

(l)The  method  of  performing  elastic  analyses  and  comparing 
member  demands  to  overstrength  acceptance  limits  was 
found  to  be  unconservative  (i.e.,  providing  an  insufficient 


margin  for  safety)  when  realistic  evaluations  of  concrete 
member  strengths  and  rational  analyses  of  inelastic  member 
deformations  were  performed.  Conventional  strengthening 
techniques  based  on  elastic  structural  analyses  are  unlikely 
to  provide  acceptable  performance,  particularly  for  essential 
structures  such  as  vital  government  facilities. 

(2)The  phenomenon  of  very  large  ground  motions  perpen- 
dicular to  the  fault  in  the  long  period  range  is  also  important 
for  the  design  of  new  near  fault  base-isolated  structures. 
Recognizing  this  phenomena  helped  in  the  retrofit  design  of 
the  City  Center  Building;  however,  it  could  result  in  an 
inadequate  design  if  it  is  not  properly  considered. 

(3)High  vertical  acceleration  is  an  example  of  a  design 
parameter  frequently  ignored  but  which  may  be  significant 
for  near  fault  structures.  This  is  true  for  conventional  as 
well  base-isolated  new  or  existing  structures.  Future  post- 
earthquake  investigations  in  the  near  fault  region  should 
include  assessment  of  whether  vertical  accelerations  could 
have  been  a  reason  for  building  damage  or  failure.  Building 
design  and  retrofit  near  the  Hayward  fault  should  consider 
these  effects. 

The  retrofit  design  of  a  brittle  structure  near  the  Hayward 
fault  is  challenging.  We  believe  such  buildings  can  be  suc- 
cessfully retrofitted  to  withstand  the  shaking  of  a  major 
earthquake  on  the  Hayward  fault  by  developing  a  thorough 
understanding  of  the  building's  capacity,  the  potential 
ground  motions  it  may  experience,  and  through  the  use  of 
base  isolation  technology. 
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Delta  Region: 
Insight  from  Probabilistic  Seismic  Risk  Analyses 

by 
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ABSTRACT 

Recently  completed  probabilistic  seismic  risk  analyses  for  the  East  Bay  Municipal  Utility  District's  Moke- 
lumne  Aqueduct  crossing  of  the  San  Joaquin  Delta  (Figure  2)  have  shed  new  light  on  the  seismic  risk  in  the 
Sacramento-San  Joaquin  Delta  region  (Delta).  Detailed  engineering  analyses  suggest  that  the  probability 
of  widespread  levee  failure  in  the  Delta  within  the  next  30  years  is  high.   Probabilistic  seismic  risk  analyses 
were  performed  that  included  characterization  of  both  time-dependent  hazard  for  large  characteristic 
events  and  Poissonian  distribution  of  smaller  events  on  15  seismic  sources  that  could  impact  the  Delta. 
Probability  of  exceedance  of  peak  rock  acceleration  for  a  30  year  period  at  each  site  was  converted  to 
probability  of  exceedance  of  peak  ground  acceleration  using  soft-site  amplification  relationships  developed 
following  the  1989  Loma  Prieta  earthquake. 

Blow  count  data  from  18  sites  across  the  San  Joaquin  Delta  were  analyzed,  and  the  liquefaction  potential 
was  computed  as  a  function  of  earthquake  events  occurring  on  each  seismic  source  considered  in  the 
study.  An  acceleration  threshold  for  the  onset  of  liquefaction  for  each  seismic  source  and  each  site  was 
developed.  Application  of  these  threshold  values  to  the  probabilities  of  exceedance  of  ground  acceleration 
from  each  source  at  each  site  enabled  an  assessment  of  the  potential  for  liquefaction  at  each  site.  Based 
on  these  analyses,  the  probability  for  liquefaction  occurring  within  the  next  30  years  was  computed  to  be 
50%  or  higher  for  9  of  the  18  sites  studied.  Because  the  soil  deposits  at  the  study  sites  are  considered 
similar  to  deposits  located  elsewhere  in  the  Delta,  we  conclude  that  the  probability  of  major  levee  damage 
in  the  Delta  resulting  from  earthquakes  within  the  next  thirty  years  is  high.  Because  of  the  importance  of 
the  Delta  region  to  California's  water  supply  and  distribution,  the  implications  of  such  major  levee  damage 
are  grave  indeed. 


INTRODUCTION 

The  Sacramento-San  Joaquin  Delta  region  of  California 
(herein  referred  to  as  the  Delta)  is  a  critical  link  in  the  water 
supply  and  distribution  system  of  the  state,  since  approximate- 
ly 2/3  of  the  state's  water  supply  passes  through  or  over  the 
Delta.  Although  not  subject  to  surface  rupture  from  active 
faulting,  the  Delta  is  nonetheless  subject  to  the  effects  of 
ground  shaking  from  several  active  faults  that  could  affect  the 
region.  The  Delta  comprises  an  intricate  network  of  channels, 
marshes,  and  sloughs  that  are  bordered  by  man-made  levees. 
Dry  land  between  the  waterways  averages  3-4  m  below  sea 
level  (water  surface  levels  in  the  waterways  are  influenced  by 
tides,  fluctuating  between  about  0  and  1  m  above  sea  level). 
The  Delta  has  been  the  site  of  extensive  deposition  of  late 
Cenozoic  deltaic  deposits.  These  deposits  consist  of  dense  to 


very  dense  Pleistocene  fluvial  sediments  (the  stratigraphically 
highest  of  these  dense  deposits  are  known  as  the  Upper 
Modesto  Formation  (Atwater,  1990)  overlain  by  3  to  15  m  of 
relatively  low  density  sands  and  silts  that  are,  in  turn,  locally 
overlain  by  a  layer  of  peat  up  to  7  m  thick  under  the  levees 
and  0  to  3  m  thick  on  the  islands  (ESA,  1992),  where  peat  has 
been  removed  by  wind  during  the  agricultural  history  of  the 
region.  The  levees  are  composed  of  both  natural  overbank 
deposits  and  man-placed  fill  materials.  The  relatively  low 
density  sand  and  silt  layer  present  below  the  peat  is  considered 
part  of  the  levee  foundation  and  may  be  susceptible  to  lique- 
faction. The  elevation  of  the  top  of  this  layer  ranges  from  -3  to 
-8  m  relative  to  mean  sea  level  (ESA,  1992).  This  elevation 
corresponds  to  depths  of  0  to  10  m  below  ground  surface.  A 
typical  levee  cross  section,  is  shown  in  Figure  1.  Ground  shak- 
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Figure  1 .  Cross  section  of  a  typical  levee  along  the  Mokelumne  Aqueduct  crossing  of  the  San  Joaquin  Delta. 


ing  from  earthquakes  may  result  in  damage  to  the  levees.  If 
widespread  levee  failure  occurs,  serious  damage  to  the  Delta- 
based  water  supply  and  distribution  network  could  result  from 
both  salt  water  intrusion  from  the  San  Francisco  Bay  and  to 
damage  of  facilities  within  the  Delta. 

Finch  (1988,  1992)  investigated  the  engineering  properties 
of  the  levees  surrounding  Twitchell  Island,  one  of  the  larger 
levee  systems  within  the  Delta,  and  concluded  that  the  levees 
were  vulnerable  to  damage  from  shaking  from  earthquakes 
occurring  on  a  number  of  faults  in  northern  California.  Ake 
and  others  (1991,  1992)  concluded  that  significant  levee  fail- 
ure was  likely  within  the  next  100  years  in  the  north  Delta, 
based  on  probabilistic  seismic  analyses.  In  this  paper  we 
present  the  results  of  liquefaction  assessments  of  levee  foun- 
dation soils  associated  with  the  Delta  crossing  of  the  East  Bay 
Municipal  Utility  District's  (EBMUD)  Mokelumne  Aqueduct 
(Figure  2).  At  the  Delta  crossing,  the  Aqueduct  consists  of 
three  large  diameter  pipes  that  are  buried  where  they  cross 
beneath  five  rivers  or  sloughs  (levee  crossings),  and  are  sup- 
ported a  few  feet  above  ground  where  they  cross  the  interiors 
of  six  islands  or  tracts.  This  study  included  an  analysis  esti- 
mating the  probability  of  exceedance  of  a  range  of  ground 
accelerations,  and  combining  engineering  analyses  of  lique- 
faction potential  for  levee  and  levee  foundation  materials  with 
the  probabilistic  ground  acceleration  analysis  to  estimate  the 
probability  for  liquefaction  of  these  materials.  Liquefaction  of 
the  foundation  sands  was  selected  as  a  potential  failure  criteria 
because  widespread  liquefaction  could  result  in  major  levee 
damage. 


PROBABILISTIC  SEISMIC  RISK 
ANALYSES 

Methodology 

In  1990  the  WGCEP  concluded  that  a  67%  probability  exist- 
ed for  a  M  7  or  greater  earthquake  occurring  within  the  San 
Francisco  Bay  region  in  the  next  30  years  (WGCEP,  1990). 
The  faults  considered  by  the  WGCEP  included  the  San  An- 
dreas, Hayward  and  Rodgers  Creek  faults.  Our  probabilistic 
analyses  used  a  similar  approach  but  differed  substantially  in 
the  manner  in  which  the  faulting  was  handled.  Rather  than 
focusing  on  the  probability  of  earthquakes  themselves  (such  as 
the  M  7+  events  considered  by  the  WGCEP),  this  study  ana- 
lyzed the  probability  of  ground  accelerations  at  several  specif- 
ic sites  resulting  from  earthquakes  on  several  analyzed  faults. 
Using  this  approach,  it  was  possible  to  combine  earthquake 
probability,  resulting  from  magnitude  ranges  and  recurrence 
intervals  on  various  faults,  with  ground  motion  attenuation 
relationships  that  are  controlled  by  the  magnitude  of  the  earth- 
quake and  distance  from  the  earthquake  sources  to  the  site  of 
interest.  In  addition  to  those  faults  analyzed  in  the  WGCEP 
study,  we  included  five  other  earthquake  sources,  which  are 
discussed  below. 

Our  analyses  utilized  the  computer  program  EQRISK 
(McGuire,  1976).  The  program  calculates  the  probability  of 
exceedance  versus  peak  soft  rock/stiff  soil  acceleration  at  the 
site.  Input  to  the  program  includes  the  locations,  expected 
magnitude  range,  magnitude  distribution  and  activity  level  of 
the  faults  analyzed,  and  the  period  of  time  over  which  the 
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Figure  2.  Location  map  showing  the  Delta  region  (shaded)  and  seismic  source  areas  as  modelled  in  EQRISK 
seismic  risk  analyses. 
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probability  is  to  be  calculated  (30  years  in  this  case),  along 
with  attenuation  relations  of  Campbell  (1987)  and  Joyner  and 
Boore  (1988).  Locations  of  fault  segments  of  interest  are  ap- 
proximated by  rectangular  regions,  as  shown  in  Figure  2.  The 
program  treats  earthquake  probability  as  a  Poissonian  (non 
time-dependent)  distribution,  related  only  to  the  average  rate 
of  earthquake  occurrence.  A  more  realistic  approach  is  to  treat 
the  probability  of  large  earthquakes  as  time-dependent;  that  is 
the  probability  of  a  large  earthquake  on  a  given  fault  is  low 
immediately  following  a  large  earthquake  and  becomes  higher 
as  the  time  since  the  last  earthquake  approaches  or  exceeds  the 
average  recurrence  interval.  In  order  to  incorporate  the  con- 
cept of  time-dependent  earthquake  probability,  an  additional 
modification  to  the  program  input  was  made  (following  sug- 
gestions of  C.  Allin  Cornell  and  Steve  Winterstein,  1991)  by 
treating  each  major  fault  as  two  sources:  One  on  which  the 
probability  of  large  earthquake  ('characteristic'  event)  occur- 
rence is  time-dependent,  and  another  on  which  the  probability 
of  smaller  earthquake  occurrence  is  Poissonian.  Modelling  of 
time-dependent  earthquake  probability  is  accomplished  by 
modifying  the  apparent  activity  assigned  to  the  fault.  The  time 
since  the  last  event  and  recurrence  intervals,  as  well  as  the 
uncertainty  and  natural  variation  in  the  recurrence  interval,  are 
accounted  for  in  a  'hazard  function'  that  results  in  a  modified 
rate  of  activity.  The  probability  of  exceedance  versus  acceler- 
ation for  this  study  was  calculated  for  a  30  year  period  begin- 
ning in  1991. 


SEISMIC  SETTING  OF  THE  DELTA 
AS  MODELED  IN  EQRISK 

Time-dependent  versus  Poissonian  earthquake  probability, 
and  differences  in  adopted  ground  motion  attenuation  relation- 
ships, appear  to  have  a  relatively  small  impact  on  the  ground 
motion  probability  calculated  for  a  given  site.  The  most  influ- 
ential input  parameters  in  the  probabilistic  analyses  are  the 
locations  and  seismic  behavior  of  the  various  earthquake 
sources  considered  in  this  study.  Due  to  the  attenuation  of 
ground  motion  from  an  earthquake  source,  we  considered  only 
sources  located  within  100  km  of  the  Delta  crossing.  The 
faults  analyzed  for  this  study  included:  (1)  San  Andreas,  (2) 
Hayward,  (3)  Healdsburg-Rodgers  Creek,  (4)  Calaveras,  (5) 
Concord-Green  Valley,  (6)  Greenville,  (7)  Coast  Range-Cen- 
tral Valley  boundary  zone  (CRCV)  fault  system,  (8)  Foothills^ 
fault  system,  and  (9)  'background'  (seismicity  not  occurring 
on  defined  faults).  Prior  to  performing  the  EQRISK  analyses, 
it  was  necessary  to  compile  available  data  on  fault  slip  rate, 
earthquake  recurrence,  probable  maximum  earthquake,  histor- 
ical seismicity,  and  the  time  elapsed  since  the  last  major  earth- 
quake for  these  faults  (see  Table  1).  For  the  San  Andreas, 
Hayward  and  Healdsburg-Rodgers  Creek  faults  we  used  the 
same  recurrence  and  fault  segmentation  data  adopted  by  the 
WGCEP  (1990).  For  the  Calaveras  fault  we  estimated  a  recur- 
rence interval  of  240±80  years  based  on  comparison  of  the  slip 
rate  for  the  fault  compared  to  that  of  the  Healdsburg-Rodgers 
Creek  fault.  This  recurrence  interval,  combined  with  the  fact 


Table  1.   Fault  characteristics 


FAULT             CHARACTERISTIC 

RECURRENCE 

SLIP  RATE 

TIME  SINCE 

MAGNITUDE 

(YRS) 

(mm/yr) 

LAST  EVENT  (yrs) 

North  Coast 

8 

237±73a 

24±3b 

86 

San  Andreas 

Peninsula 

7.2+ 

138±40a 

19±4a 

86 

San  Andreas 

Hayward  North 

7 

130  ±60' 

9*1* 

156 

Hayward  South 

7 

130±60f 

8±1f 

124 

Rodgers  Creek 

7 

222±74a 

8±2a 

>181 

Calaveras 

7 

240±80h 

8±29 

>200 

Concord/ 

7 

400±200h 

5-7' 

>180 

Green  Valley 

Greenville 

6.5 

1200±4000c 

1-2C 

>180 

CRCV 

7 

400±200d 

3-8d 

>180 

NOTES; 
a  WGCEP,  1990 
bNeimiand  Hall,  1992 
c  Wright  and  others,  1982 


d  Atwater  and  others,  1990:  Wentworth  and  Zoback,  1990;     h  Authors'  interpretation 


e  Hall,  1984 

'  Lienkaemper  and  others,  1991  (see  also  p.  101,  this  volume) 

g  Kelson  and  others,  oral  comm,  1992  (see  also  p.  289,  this  volume) 


Namson  and  Davis,  1988 


Galehouse,  1991  (see  also  p.  45,  this  volume) 
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that  a  M  7  (complete  segment  rupture)  event  has  not  occurred 
in  historical  time,  yields  an  apparent  activity  rate  (used  in 
probability  calculations)  somewhat  lower  than  the  Hayward 
and  Rodgers  Creek  faults.  The  Greenville  and  Concord  faults 
were  both  assigned  considerably  lower  activities  correspond- 
ing to  recurrence  rates  of  maximum  earthquake  events  of 
about  1000  years. 

The  faults  discussed  above  are  well-known  and  the  subject 
of  many  published  papers.  The  system  of  concealed  ('blind') 
thrust  faults,  herein  called  the  Coast  Range-Central  Valley 
boundary  zone  (CRCV)  fault  system,  that  is  present  at  depth 
beneath  the  boundary  of  Central  Valley  and  Coast  Ranges,  has 
only  recently  received  recognition  as  a  seismic  source  (Went- 
worth  and  others  1984;  Wentworth  and  Zoback,  1989;  Eaton, 
1986;  Unruh  and  Moores,  1992).  Because  of  its  proximity  to 
the  Mokelumne  Aqueduct  Delta  crossing  (the  fault  system  is 
present  beneath  the  western  edge  of  the  Delta),  and  its  corre- 
spondingly high  impact  on  our  probabilistic  ground  motion 
analyses,  the  CRCV  is  discussed  in  more  detail  below. 

The  M  6.7  Coalinga  earthquake  of  1983  first  alerted  geolo- 
gists to  the  presence  of  seismogenic  blind  thrust  faults  along 
the  Coast  Range-Central  Valley  geomorphic  boundary  (Went- 
worth and  others,  1984).  Subsequent  studies  (e.g.,  Namson 
and  Davis,  1988;  Wentworth  and  Zoback,  1989;  Wong  and 
others,  1988;  Unruh  and  Moores,  1992)  indicate  that  the  anal- 
ogous structures  may  be  present  along  the  entire  Coast  Range- 
Central  Valley  geomorphic  boundary.  The  CRCV  is  an  east- 
vergent  fold  and  thrust  system  (e.g.,  Namson  and  Davis,  1988; 
Unruh  and  Moores,  1992).  Movement  over  fault  ramps  and 
along  backthrusts  of  this  fold  and  thrust  belt  has  resulted  in  the 
uplift  of  the  east  front  of  the  Coast  Ranges.  Because  these 
faults  do  not  break  the  ground  surface,  estimates  of  both  maxi- 
mum earthquakes  and  slip  rate  (and  resultant  recurrence  inter- 
vals) are  difficult.  Most  of  these  estimates  have  involved  the 
dating  of  earthquake-related  uplift  and  the  development  of 
structural  models  to  characterize  the  geometric  nature  of  the 
faulting. 

In  addition  to  the  Coalinga  earthquake,  the  CRCV  was  prob- 
ably the  source  of  the  twin  Vacaville-Winters  earthquakes  of 
1892  (Eaton,  1986;  Unruh  and  Moores,  1992)  that  were  of 
comparable  or  slightly  greater  magnitude  than  the  Coalinga 
event  (Toppozada,  1987),  and  possibly  five  other  historical 
(post- 1850)  M  6+  earthquakes  (Unruh  and  Moores,  1992). 
The  concealed  nature  of  the  faulting  makes  it  difficult  to  as- 
sess segmentation  of  this  system.  Based  on  the  fairly  uniform 
geomorphic  expression  of  the  CRCV,  and  the  historical  record 
of  seismicity,  we  assumed  that  earthquakes  up  to  M  7  can 
occur  anywhere  along  this  fault  system.  If  an  exceptionally 
large  portion  of  the  fault  system  were  to  rupture  (-100  km 
along  strike)  earthquakes  in  the  M  7.5  range  are  possible. 

Recurrence  intervals  for  the  CRCV  may  be  estimated  by 
analogy  to  Coalinga  where  different  studies  have  estimated 
recurrence  intervals  for  Coalinga-type  events  as  200-1000 


years  (Wentworth  and  Zoback,  1 990;  Atwater  and  others, 
1990),  and  slip  rates  of  3-7  mm/yr  (  Wentworth  and  Zoback, 
1990;  Namson  and  Davis,  1988).  Slip  rates  on  the  CRCV  can 
also  be  estimated  by  comparing  global  plate  motion  estimates 
for  convergence  across  western  North  America  (e.g.,  Harbert 
1991;  De  Mets  and  others,  1990)  to  evaluations  of  within- 
Coast  Range  and  offshore  shortening  rates  (e.g.,  Lisowski  and 
others,  1991;  Melzerand  Levander  1991).  Because  the  short- 
ening rates  offshore  and  within  the  Coast  Ranges  are  relatively 
small,  most  of  the  plate  convergence  across  western  North 
America  at  the  latitude  of  the  Delta  must  be  accommodated  on 
the  CRCV,  a  conclusion  that  is  consistent  with  the  distribution 
of  seismicity  related  to  thrust  faulting.  Based  on  the  above- 
discussed  considerations,  we  adopted  a  slip  rate  of  3-8  mm/yr 
and  a  recurrence  interval  for  M~7  events  of  400±200  years  for 
the  CRCV.  Using  the  above-cited  recurrence  interval  range, 
and  the  fact  that  the  segment  closest  to  the  Delta  crossing  has 
not  produced  a  large  earthquake  in  historic  time,  yields  an 
apparent  activity  rate  for  M  6.5-  7  earthquakes  on  the  CRCV 
that  is  somewhat  lower  than  that  of  the  Calaveras  fault  but 
higher  than  that  of  the  Greenville  and  Concord  faults. 

Because  the  Sierra  Nevada  Foothills  fault  system  has  very 
long  recurrence  intervals  (103T04  years  or  more),  and  is  rela- 
tively distant  from  the  Delta  crossing,  its  influence  on  ground 
motion  probability  was  found  to  be  negligible  on  a  test  run  of 
EQRISK,  and  was  therefore  not  included  in  the  input. 

'Background  seismicity'  is  also  included  in  the  EQRISK 
calculation.  The  background  in  the  EQRISK  program  is  de- 
fined as  events  of  M  4-5.5  occurring  anywhere  within  a  100 
km  radius  of  the  site  on  sources  other  than  specific  faults. 
Background  seismicity  in  the  California  Coast  Ranges  is  high, 
so  an  activity  rate  corresponding  to  approximately  one  event 
every  three  years  was  used.  Because  little  seismicity  occurs 
east  of  the  easternmost  limit  of  the  CRCV  fault  system,  the 
'background'  region  was  reconfigured  to  reflect  this  fact  (Fig- 
ure 2). 

SOFT  SITE  AMPLIFICATION 

The  output  of  the  probabilistic  seismic  risk  analyses  is  in  the 
form  of  probability  of  exceedance  over  a  range  of  rock/stiff 
soil  accelerations.  This  range  of  probabilities  is  shown  in  Fig- 
ure 3  and  corresponds  to  a  point  at  the  top  of  the  Modesto 
formation  which,  at  the  study  site,  varies  from  3  to  25m  below 
ground  surface.  This  figure  shows  that,  because  the  east  end  of 
the  study  area  is  farther  away  from  the  seismic  sources,  the 
probability  of  exceedance  for  a  given  acceleration  decreases 
more  rapidly  at  the  east  end  than  at  the  west  end. 

Based  on  our  detailed  explorations  within  the  Delta,  we 
believe  that  the  effects  of  soft-site  amplification  must  be  con- 
sidered when  assessing  soil  liquefaction  potential.  Such  soft 
site  amplification  was  clearly  demonstrated  to  have  occurred 
during  the  1989  Loma  Prieta  and  1985  Mexico  City  earth- 
quakes. The  amplification  relationship  of  Idriss  (1990),  based 
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Figure  3.  30-year  probability  of  exceedance  curves  for  sites  on  the  west  end  of  the  Mokelumne  Aqueduct  crossing  of  the  San 
Joaquin  Delta  (dotted  lines)  and  east  end  (solid  lines).  Black  lines  represent  peak  rock  acceleration  (equivalent  to  the  top  of 
the  Modesto  Formation  dense  sands).  Application  of  soft  site  amplification  relationships  result  in  the  two  curves  shown  in  gray 
(screened)  lines. 
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on  actual  records  of  the  above  and  other  earthquakes,  and 
theoretical  engineering  analyses,  was  used  for  this  study.  This 
amplification  relationship,  which  we  believe  to  be  conserva- 
tive, is  highly  non-linear  and  results  in  considerable  amplifica- 
tion at  low  (<0.1  g)  accelerations,  with  decreasing  amplifica- 
tion at  higher  accelerations  and  some  damping  of  accelerations 
above  0.4  g.  The  general  result  in  applying  the  soft-site  ampli- 
fications for  the  Delta  sites  is  to  increase  the  probability  of 
exceedance  for  a  given  acceleration  (Figure  3). 

Because  of  the  presence  of  peat  in  a  typical  stratigraphic 
column  of  a  Delta  site,  there  is  some  question  about  the  appli- 
cability of  this  amplification  relationship,  particularly  as  to 
whether  or  not  the  peat  would  act  as  an  'energy  sink'  and  sig- 
nificantly damp  ground  acceleration.  It  should  be  noted,  how- 
ever, that  potentially  liquefiable  materials  exist  both  above  and 
below  the  peat  layer,  and  are  thicker  and  more  prevalent  be- 
low the  peat  layer.  Although  the  peat  may  significantly  influ- 
ence ground  motion  in  overlying  materials,  it  may  have  little 
impact  on  the  ground  motion  below  it.  More  research  is  war- 
ranted in  examining  the  modulus  and  damping  characteristics 
of  the  peat  materials.  Nevertheless,  we  believe  that  the  ampli- 
fication relationship  adopted  in  our  study  is  applicable  in  ad- 
dressing the  stability  of  the  levees,  because  liquefaction  in 
materials  below  the  peat  would  seriously  compromise  levee 
stability. 

LIQUEFACTION  POTENTIAL  AND  THE 
PROBABILITY  OF  LIQUEFACTION 

The  methodology  of  the  probabilistic  seismic  risk  analyses 
described  above  enables  us  to  quantify  the  relationship  be- 
tween earthquake  occurrence  and  ground  motion  at  a  particu- 
lar site.  From  an  engineering  standpoint,  however,  it  is  neces- 
sary to  develop  criteria  to  evaluate  the  effect  of  these  ground 
motions  on  the  stability  of  the  levees.  Whereas  it  would  have 
been  possible  to  perform  probabilistic  slope  stability  analyses, 
we  chose  to  evaluate  the  liquefaction  potential  as  the  critical 
parameter  for  stability  of  the  levees.  This  decision  was  based 
on  the  fact  that  the  onset  of  liquefaction  in  the  foundation  of 
the  levees  was  shown,  in  virtually  all  cases,  to  lead  to  slope 
failure  and  resultant  failure  of  the  levees.  Detailed  liquefaction 
analyses  were  performed  at  18  sites  along  the  Mokelumne 
Aqueduct  Delta  crossing.  These  sites  included  locations  at 
levee  crossings  as  well  in  the  islands,  where  pile-supported 
'bents'  (above  ground  support  structures)  may  be  founded  in 
potentially  liquefiable  material. 

The  method  used  to  correlate  liquefaction  potential  at  each 
site  to  the  overall  probability  of  liquefaction  at  each  site  is 
briefly  described  below.  For  each  site,  a  standard  liquefaction 
potential  evaluation  was  performed,  according  to  the  proce- 
dure proposed  by  Seed  and  others  (1985).  It  is  beyond  the 
scope  of  this  paper  to  describe  this  procedure,  however  it  is 
important  to  point  out  that  the  procedure  ultimately  correlates 
earthquake  magnitudes  with  liquefaction  potential.  Given  that 


the  liquefaction  potential  is  magnitude-dependant,  several 
different  magnitudes  from  each  fault  were  evaluated  until  a 
threshold  magnitude  was  identified,  below  which  liquefaction 
would  not  be  expected  to  occur. 

For  each  site,  each  seismic  source  was  assigned  a  threshold 
magnitude  corresponding  to  the  onset  of  liquefaction. 
EQRISK  determined  the  probability  of  exceedance  for  peak 
rock  accelerations  attributable  to  each  of  these  magnitudes, 
and  these  probabilities  were  combined  using  a  standard  statis- 
tical relationship  to  arrive  at  an  overall  probability  of  liquefac- 
tion due  to  all  considered  seismic  sources. 

The  results  of  the  analyses  yielded  a  probability  of  liquefac- 
tion for  the  next  30  years  of  266%  at  7  of  the  18  sites  ana- 
lyzed, and  a50%  at  9  sites.  A  visual  representation  of  all  re- 
sults is  shown  in  Figure  4. 

DISCUSSION 

The  above  results  are  somewhat  sensitive  to  uncertainties  in 
the  various  input  parameters.  The  two  most  influential  sources 
of  uncertainty  are  (1)  the  magnitude  of  soft-site  amplification 
and  (2)  the  seismic  characteristics  of  the  various  earthquake 
sources.  The  most  significant  source  of  uncertainty  is  in  the 
evaluation  of  soft-site  amplification.  The  amplification  rela- 
tionship that  was  used  (Idriss,  1990)  is  based  on  several  data 
that  include  significant  scatter.  To  estimate  a  threshold  magni- 
tude for  liquefaction  at  a  particular  site  in  our  analyses,  a  given 
magnitude  was  converted  to  a  peak  rock  acceleration  based  on 
attenuation  relationships,  and  the  rock  acceleration  was  then 
converted  to  ground  acceleration  based  on  Idriss  (1990).  Due 
to  the  significant  soft-site  amplification  at  low  rock  accelera- 
tions and  the  scatter  of  the  data  from  which  the  amplification 
curve  was  derived,  significant  uncertainty  results  in  the  choice 
of  threshold  liquefaction  magnitudes. 

The  current,  incomplete  understanding  of  earthquake  activi- 
ties on  various  California  faults  also  introduces  uncertainty 
into  seismic  risk  analysis.  In  the  case  of  this  study,  the  uncer- 
tainty is  buffered  by  the  large  number  of  fault  sources  consid- 
ered and  the  aggregate  high  level  of  seismic  activity.  With  the 
exception  of  the  CRCV,  large  changes  in  activity  rates  on  any 
given  fault  do  not  significantly  affect  the  results.  For  the 
CRCV,  large  changes  in  activity  rates  have  a  significant  im- 
pact on  probability  of  exceedance  for  a  given  acceleration. 
However,  when  these  probabilities  are  applied  to  liquefaction 
analyses,  the  probabilities  of  damaging  liquefaction  remain 
essentially  unchanged.  To  illustrate  the  relative  insensitivity  of 
the  results  of  this  study  to  changes  in  seismic  activity  parame- 
ters, consider  the  following  example:  The  WGCEP  (1990) 
forcast  a  67%  probability  of  an  M7+  earthquake  on  Bay  Area 
segments  of  the  San  Andreas,  Hayward  and  Rodgers  Creek 
faults.  According  to  our  liquefaction  analyses,  all  of  the  M7+ 
events  considered  by  the  WGCEP  would  cause  damaging 
liquefaction  at  some  of  our  study  sites.  Thus,  based  on  the 
WGCEP  study,  the  probability  of  damaging  liquefaction  is 
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high  even  though  that  study  did  not  include  the  CRCV  (the 
most  influential  seismic  source  in  our  seismic  risk  analysis), 
Calaveras,  Concord  or  Greenville  faults. 

In  spite  of  the  uncertainties  discussed  above,  we  believe  the 
sites  with  a  66%  or  greater  probability  of  levee  failure  due  to 
liquefaction  should  be  considered  to  have  a  high  probability  of 
failure  within  the  next  30  years. 

Although  peat  is  prevalent  in  the  Delta,  its  presence  has  little 
effect  on  the  results  of  our  analyses.  The  effect  that  peat  may 
have  on  the  seismic  behavior  of  ground  during  an  earthquake 
is  not  well  understood,  but  peat  may  provide  a  damping  effect 
over  a  wide  range  of  Peak  Rock  Accelerations  (Seed  and  Id- 
riss,  1970).  However,  since  the  vast  majority  of  potentially 
liquefiable  sands  lie  below  the  peat,  the  possible  damping  may 
not  affect  the  sands. 

The  high  probability  of  earthquake-related  levee  damage  or 
failure  that  we  forecast  over  the  next  30  years  might  appear  to 
contradict  what  is  commonly  known  about  the  history  of  the 
Delta.  No  significant  damage  was  documented  after  the  1906 
earthquake,  an  event  that  our  analyses  suggest  would  be  a 
damaging  event.  More  recently,  minor  levee  damage  was 
noted  following  the  1980  M  5.9  Livermore  earthquake,  the 
1983  M  6.7  Coalinga  earthquake  and  the  1984  M  6.1  Morgan 
Hill  earthquake  (Finch,  1985).  However,  this  recent  levee 
damage  does  not  appear  to  have  been  related  to  liquefaction, 
which,  in  fact,  would  not  have  been  predicted  by  our  analyses. 
Therefore,  the  1906  earthquake  is  the  only  event  in  historical 
time  that  should  have  caused  liquefaction,  according  to  our 
analyses.  There  are  two  fundamental  differences  in  conditions 
in  the  Delta  between  1906  and  the  present  that  may  account 
for  this  inconsistency.  First,  the  levee  heights  are  much  greater 
now,  and  are  therefore  less  stable.  Second,  wind  erosion  has 
removed  up  to  5  meters  of  peaty  topsoil  from  the  islands,  ef- 
fectively bringing  potentially  liquefiable  sands  closer  to  the 
ground  surface,  commonly  within  less  than  1.5  meters.  Al- 
though more  detailed  studies  are  necessary,  it  would  appear 
that  if  the  buried  sands  did  liquefy  in  1906,  the  levees  were 
either  too  small  to  be  affected,  or  there  was  sufficient  non- 
liquefiable  soil  cover  to  contain  liquefied  sands. 


Another  reason  for  the  relatively  high  future  probabilities  for 
liquefaction  that  we  predict  is  the  fact  that  many  of  the  faults 
in  this  region  are  nearing  the  end  of  their  calculated  inter- 
earthquake  intervals.  Ellsworth  (1990)  suggests  that  great 
earthquakes  on  the  San  Andreas  fault  (such  as  the  1906  earth- 
quake) control  strain  release  over  the  entire  region.  Thus,  the 
1906  earthquake  was  followed  by  about  sixty  years  of  greatly 
diminished  seismic  activity  over  all  of  the  northern  California 
Coast  Ranges.  However,  the  1960's  appear  to  mark  the  begin- 
ning of  accelerated  seismic  activity  in  the  area,  analogous  to 
the  century  of  increased  seismicity  in  the  region  that  preceded 
the  1906  event  (Ellsworth,  1990). 

CONCLUSIONS 

The  results  of  this  study  indicate  that  over  the  next  30  years, 
a  high  probability  of  liquefaction  and  thus  levee  failure  exists 
within  the  Delta.  Since  the  deposits  along  the  Mokelumne 
Aqueduct  Delta  crossing  reported  here  are  considered  typical 
of  many  other  locations  in  the  Delta,  and  the  distances  to  vari- 
ous fault  sources  are  not  significantly  different  for  other  locali- 
ties, it  would  appear  that  these  results  may  be  representative  of 
the  overall  risk  of  severe  earthquake-related  levee  damage  in 
the  Delta  region.  In  addition  to  disrupting  facilities,  major 
levee  damage  in  the  Delta  could  result  in  salt  water  intrusion 
from  the  San  Francisco  Bay  that  would  seriously  degrade  the 
quality  of  Delta  water.  Because  the  Delta  is  the  source  of 
about  2/3  of  California's  water  supply,  the  consequences  of 
major  levee  damage  are  grave.  Due  to  the  magnitude  of  poten- 
tial earthquake-related  problems  in  the  Delta,  further  study, 
particularly  regarding  site  seismic  response  (the  largest  uncer- 
tainty in  this  and  other  engineering  analyses  of  Delta  levee 
stability)  should  be  undertaken. 
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Preliminary  Seismic  Risk  Analysis  for  the 
Northern  Sacramento-San  Joaquin  Delta  Area 


By 
Jon  Ake1,  John  Wilson1,  and  Dean  Ostenaa1 


ABSTRACT 

As  part  of  the  North  Delta  Water  Management  Study,  a  joint  U.  S.  Bureau  of  Reclamation-California  Depart- 
ment of  Water  Resources  study  was  conducted  to  develop  solutions  to  concerns  of  water  users  in  the  North 
Delta.  This  paper  presents  the  results  of  a  preliminary  seismic  risk  analysis  for  typical  water  management 
structures  within  the  area. 

Principal  sources  of  earthquakes  in  the  region  include  the  many  late  Quaternary  faults  such  as  the  San  An- 
dreas, Hayward,  and  Calaveras  as  well  as  more  local  sources  in  the  North  Delta  area.  Judgement  on  the  inclu- 
sion of  specific  fault  sources  was  weighted  by  the  proximity  of  the  fault  to  the  study  area  and  on  available  in- 
formation on  the  tectonic  characteristics  of  the  fault.  Assessment  of  seismic  hazard  from  these  sources  is 
combined  with  geotechnical  analysis  of  typical  water  management  structures  in  the  area  to  obtain  an  estimate 
of  the  seismic  risk. 

The  assessment  of  seismic  hazard  in  the  North  Delta  area  is  presented  as  peak  earthquake  ground  motion 
parameters  at  a  90%  probability  of  non-exceedence  in  a  100-year  exposure  period.  The  general  approach  has 
been  to  assign  a  "characteristic"  event,  or  range  of  events,  to  each  seismic  source  based  on  considerations  of 
slip-rate,  fault  length,  tectonic  setting  and  historic  seismicity.  The  assessment  of  seismic  risk  in  the  area  is 
based  on  preliminary  analyses  to  estimate  the  probabilities  of  failure  of  North  Delta  levees  due  to  liquefaction 
and  seismically  induced  deformations  given  the  peak  ground  motion  parameters  described  above. 

The  first  portion  of  the  analysis  consisted  of  a  probabilistic  assessment  which  integrates  all  relevant  earth- 
quake sources  in  the  region  and  yields  peak  horizontal  acceleration  and  velocity  values.  The  values  computed 
near  the  center  of  the  study  area  were  0.09g  and  14.0  cm/sec,  respectively.  However,  acceleration  and  veloci- 
ty values  varied,  from  less  than  0.05g  to  0.25g  and  from  less  than  10  cm/sec  to  40  cm/sec  within  the  study 
area.  For  approximately  40%  of  the  North  Delta  area,  computed  accelerations  are  0.1  g  or  greater.  Potential 
sources  of  moderate  magnitude  earthquakes  in  the  eastern  Bay  Area  are  the  major  contributors  to  seismic 
hazard  in  the  Delta. 

The  second  part  of  the  analysis  consisted  of  a  geotechnical  and  failure  probability  analysis  for  two  represen- 
tative levee  sections.  Two  potential  modes  of  failure  were  defined:  liquefaction  related  failure  and  deformation 
failure  of  levee  sections.  The  results  suggest  that  ground  motions  (and  resulting  cyclic  stresses)  are  expected  to 
equal  or  exceed  levels  required  to  cause  liquefaction-related  failure  of  a  variable  percentage  of  the  levees 
across  the  North  Delta  area  for  a  100-year  exposure  period.  From  the  results  of  the  displacement  and  settle- 
ment analysis,  it  is  estimated  that  ground  motions  will  equal  or  exceed  levels  required  to  cause  deformation 
failure  in  approximately  10%  of  the  total  levee  area. 


INTRODUCTION 

This  paper  presents  the  results  of  a  preliminary  seismic  risk 
analysis  (Ake  and  others,  1991a)  conducted  as  part  of  a  joint 
U.S.  Bureau  of  Reclamation  -  California  Department  of  Water 
Resources  (USBR-CDWR)  study  to  develop  solutions  to  wa- 
ter supply  concerns  of  users  in  the  North  Delta.  The  analysis 
was  intended  to  provide  a  generalized  framework  for  assess- 
ing the  seismic  risk  for  typical  water  management  facilities  in 
the  North  Delta  area.  The  scope  was  limited  and  did  not  in- 


clude a  comprehensive  review  of  data  for  any  facet  of  this 
project.  Further  study  of  many  aspects  of  the  analysis  is  need- 
ed to  reduce  the  uncertainty  in  the  final  results. 

Historical  stability  problems  throughout  the  Delta  indicate 
the  relevance  of  the  seismic  risk  to  levees  at  numerous  loca- 
tions. Poor  construction  techniques,  inadequate  design  and 
unfavorable  foundation  conditions  have  combined  to  create 
continual  maintenance  problems.  The  addition  of  seismic 
loads  to  structures  of  already  marginal  stability  is  cause  for 
concern. 


1  Geotechnical  Engineering  and  Geology  Division,  D-3600,  U.  S.  Bureau  of  Reclamation,  Denver  CO  80225 
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Principal  sources  of  earthquakes  in  the  region  include  many 
late  Quaternary  faults  such  as  the  San  Andreas,  Hay  ward,  and 
Calaveras,  as  well  as  more  local  sources  in  the  North  Delta 
area  (Figure  1).  Our  data  base  on  these  faults  was  the  readily 
available  published  and  unpublished  data.  Our  judgement  on 
the  inclusion  of  specific  fault  sources  is  weighted  by  the  prox- 
imity of  the  fault  to  the  North  Delta  study  area  and  the  avail- 
able information  on  the  tectonic  characteristics  of  the  fault. 

The  assessment  of  the  seismic  hazard  to  the  North  Delta 
area  is  presented  as  earthquake  ground  motion  parameters  at  a 
given  probability  of  non-exceedance  (.9)  in  a  100-year  expo- 
sure time.  The  probabilistic  assessment  used  the  program 
SEISRISK  III  (Bender  and  Perkins,  1987).  Our  general  ap- 
proach has  been  to  assign  a  "characteristic  event"  or  range  of 
events  to  each  fault  or  source  based  on  geologic  and  seismo- 
logic  considerations  such  as  slip  rate,  fault  length,  tectonic 
setting,  and  historical  seismicity. 

The  assessment  of  seismic  risk  in  the  North  Delta  is  based 
on  preliminary  geotechnical  analyses  to  estimate  the  probabili- 
ties of  levee  failure  due  to  liquefaction  and  seismically-in- 
duced  deformation.  Limited  geological  and  geotechnical  data 
were  available  so  numerous  assumptions  were  required. 

The  seismic  risk  analysis  on  which  this  paper  is  based  (Ake 
and  others,  1991a)  was  intended  to  serve  as  a  model  for  more 
detailed  investigations  and  analyses.  We  have  previously  com- 
pleted a  similar  study  for  the  South  Delta  area  (Ostenaa  and 
others,  1989).  The  North  Delta  study  was  a  direct  extension  of 
that  study,  with  relatively  minor  additions  to  seismic  source 
zones  to  the  north,  but  we  have  not  otherwise  updated  source 
data  with  new  information.  More  recent  analyses  of  fault  be- 
havior in  the  region,  resulting  in  part  from  the  1989  Loma 
Prieta  earthquake  (WGCEP,  1990),  suggest  higher  slip  rates 
for  several  faults  in  the  area  compared  to  previous  estimates. 
These  new  data  suggest  slip  rates  for  the  San  Andreas,  Hay- 
ward,  and  Rodgers  Creek  faults  that  are  about  18-28  percent 
higher  than  the  rates  used  in  previous  estimates  (WGCEP, 
1988;  Ostenaa  and  others,  1989).  Similarly,  preliminary  analy- 
sis of  seismic  network  data  from  the  Sierran  Foothills  (Ake 
and  others,  1991b;  LaForge  and  others,  1991)  suggests  that  the 
return  period  for  moderate  and  large  magnitude  events  in  that 
region  may  be  less  than  previously  suggested.  None  of  this 
new  data  has  been  incorporated  into  our  estimates  but  it  ap- 
pears that  this  new  data  would  increase  the  levels  of  strong 
ground  motion  expected  in  the  North  Delta  study  area. 

Previous  Studies  There  have  been  many  prior  assessments 
of  the  seismic  hazard  and  risk  within  the  Delta  area.  CDWR 
(1982)  examined  the  problems  and  feasibility  of  upgrading 
and  rehabilitating  the  levees  in  the  Delta  region.  CDWR 
(1981)  and  EBM UP  (1982,  1984)  reviewed  the  seismic  haz- 
ard to  EBMUD  Mokelumne  Aqueduct.  EBMUD  (1982,  1984) 
made  slight  modifications  to  the  original  CDWR  study  and 
estimated  that  the  return  period  for  accelerations  of  0.22  g  was 


about  100  years.  The  McDonald  Island  Levee  stability  studies 
by  Dames  and  Moore  (1985)  found  at  least  a  50  percent 
chance  of  levee  failure  due  to  liquefaction  in  the  next  50  years 
for  the  levees  they  studied.  Newmarch  (1985)  evaluated  the 
potential  for  earthquake-induced  levee  failures  in  the  Delta 
and  outlined  potential  future  studies.  Finch  (1988)  examined 
the  performance  of  the  Twitchell  Island  levees  under  maxi- 
mum credible  earthquake  conditions.  Ostenaa  and  others 
(1989)  examined  two  sites  in  the  South  Delta  area. 

SEISMIC  SOURCE  ASSESSMENT 

The  North  Delta  study  area  is  located  at  the  central  portion 
of  the  Great  Valley,  just  north  of  the  confluence  of  the  San 
Joaquin  and  Sacramento  Rivers  (Figure  1).  East  of  the  Great , 
Valley  are  the  foothills  of  the  Sierra  Nevada.  To  the  west  are 
the  Central  California  Coast  Ranges  and  San  Francisco  Bay. 

Most  of  the  late  Quaternary  faults  in  the  Central  California 
Coast  Range  region  can  be  considered  part  of  the  San  Andreas 
fault  system.  This  group  of  faults  forms  a  transform  boundary 
between  the  North  American  and  Pacific  plates,  and  collec- 
tively absorbs  an  average  right-lateral  slip  of  nearly  5  cm/yr. 
Much  of  this  slip  is  accommodated  along  the  San  Andreas 
fault  proper,  but  significant  slip  occurs  along  other  faults  of 
the  system  as  well. 

The  physiographic  boundary  between  the  Coast  Ranges  and 
the  Great  Valley  also  appears  to  represent  a  fundamental  tec- 
tonic boundary.  The  Coast  Ranges  are  extensively  dissected 
by  a  complex  system  of  strike-slip  faults  related  to  the  San 
Andreas.  In  contrast,  the  gently  west-tilted  Sierra  Nevada 
Block  appears  to  be  a  relatively  rigid  block  which  extends 
beneath  the  Great  Valley.  Late  Cenozoic  deformation  has 
occurred  mostly  around  its  borders,  with  only  limited  intra- 
block  deformation.  The  western  boundary  zone  between  the 
Coast  Ranges  and  the  Sierran  Block  (the  CRSNBZ)  is  thought 
to  be  a  compressional  boundary  characterized  by  a  zone  of 
thrust  faulting,  reverse  faults,  and  folding  (Wong  and  others, 
1988).  The  North  Delta  study  area  lies  astride  or  adjacent  to 
this  boundary  zone. 

Earthquake  sources  for  this  risk  assessment  have  been  se- 
lected based  on  their  proximity  to  the  North  Delta  area,  and 
based  on  available  information  which  suggests  that  these 
sources  are  sites  of  moderate  to  large  historic  earthquakes  or 
Holocene  to  latest  Pleistocene  surface  faulting.  The  sources 
selected  for  this  risk  assessment  do  not  represent  a  compre- 
hensive inventory  of  earthquake  sources  that  may  be  signifi- 
cant to  features  in  the  North  Delta.  Rather,  they  are  intended  to 
provide  a  representative  picture  of  the  general  level  of  seismic 
risk  present  in  the  area.  At  progressively  greater  distances 
from  the  North  Delta,  faults  and  sources  of  greater  activity 
have  been  omitted,  since  at  these  distances  they  do  not  con- 
tribute significantly  to  the  ground  motions. 
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To  describe  the  behavior  of  individual  sources  and  faults  in 
the  region,  we  have  adopted  the  "characteristic  event"  model 
of  fault  behavior  (Schwartz  and  Coppersmith,  1984).  This 
model  depicts  earthquake  occurrence  on  a  fault  or  source  as 
clustered  about  a  relatively  narrow  magnitude  range,  with 
individual  large  events  separated  by  periods  of  virtual  quies- 
cence on  the  fault.  We  have  relied  heavily  on  the  compilations 
of  Wesnousky  (1986)  and  Clark  and  others  (1984)  for  the 
basic  data  on  fault  behavior  in  the  region.  WGCEP  (1988)  is 
the  primary  source  of  information  for  the  probabilities  of  large 
earthquakes  on  the  San  Andreas  and  Hayward  faults. 

SEISRISK  Analysis  Probabilistic  ground  motion  parame- 
ters were  estimated  for  this  study  using  the  program  SEIS- 
RISK III  (Bender  and  Perkins,  1987).  A  geographical  grid 
model  is  constructed  on  which  two  types  of  earthquake  sourc- 
es are  represented:  faults,  characterized  by  a  series  of  line 


a  sit*  t 
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Figure  1.  Major  faults  and  location  map,  North  Delta  study  area.  SAF-San  Andreas  fault; 
HaF-Hayward  fault;  GVF-Green  Valley  fault;  CF-Concord  fault;  CaF-Calaveras  fault;  MCF- 
Marsh  Creek  fault;  GF-Greenville  fault;  AMF-Arroyo  Mocho  fault;  OF-Ortigalita  fault; 
CRSNBZ-Coast  Range  Sierra  Nevada  Boundary  Zone;  FFZ-Foothills  fault  Zone;  C-BV- 
Collayami-Big  Valley  fault,;  MF-Maacama  fault;  HF-Healdsburg  fault;  RCF-Rodgers  Creek 
fault. 


segments,  and  random  or  background  seismicity,  character- 
ized by  uniform  earthquake  occurrence  within  a  specified 
area.  While  background  seismicity  is  assumed  to  occur  in  a 
Poissonian  manner  according  to  a  specified  recurrence  rela- 
tionship, fault-related  events  are  assumed  to  rupture  a  specific 
length  of  the  fault,  at  specified  time  intervals.  Earthquake 
"occurrences"  for  each  source  are  tabulated  in  accordance 
with  the  recurrence  information  and  exposure  period,  translat- 
ed into  a  ground  motion  parameter  felt  at  a  site,  and  then 
summed  (integrated)  over  all  the  sources.  The  ground  motion 
value  that  has  a  given  probability  of  not  being  exceeded  dur- 
ing the  exposure  time  is  then  computed.  The  complete  details 
of  the  method  are  described  in  Bender  and  Perkins  (1987). 

The  fault  sources  considered  in  this  study  are  shown  on 
Figure  1.  A  description  of  parameters  for  each  source  is  listed 
in  the  Appendix.  The  magnitude  range  of  the  "characteristic 

earthquake"  assigned  to  each  fault  is  ±0.3. 
For  example,  in  Table  1  an  MCE  of  M  8.0 
for  the  San  Andreas  fault  encompasses 
events  of  magnitude  7.7  to  8.3.  For  fault 
sources,  the  ratio  of  small  to  large  events, 
as  represented  by  the  b  value  in  the  equa- 
tion Log(iV)  =  a  -bm  (where  N  is  the  cu- 
mulative number  of  events  of  magnitude 
M  or  greater,  and  a  and  b  are  constants),  is 
assumed  to  be  1.0. 

Aside  from  the  largest  historical  events 
on  the  San  Andreas  and  Hayward  faults, 
none  of  the  earthquakes  that  have  oc- 
curred in  the  study  area  to  our  knowledge 
can  be  considered  "characteristic"  events. 
Some  have  occurred  on  mapped  faults, 
some  have  not,  and  for  many,  poor  loca- 
tion accuracy  precludes  a  determination. 
To  account  for  this  activity,  we  have  in- 
cluded a  "random"  source,  with  a  magni- 
tude range  of  4.7  to  5.8.  A  magnitude- 
frequency  relationship  for  the  central 
Coast  Ranges  province  calculated  by  Col- 
lins and  Uhrhammer  (1987)  was  used  to 
characterize  the  occurrence  of  these 
events'.  Earthquakes  greater  than  magni- 
tude 2.5  that  occurred  from  1949  through 
1987  were  used  in  the  computation.  We 
have  assumed  that,  based  on  historical 
seismicity  patterns,  this  activity  will  occur 
west  of  the  eastern  physiographic  bound- 
ary of  the  Coast  Ranges  (Figure  1).  The 
relationship  of  Collins  and  Uhrhammer 
(1987),  with  ;V  normalized  to  the  number 
of  events  per  year  occurring  in  the  area 
west  of  this  boundary,  is  Log(A0  =  3.436  - 
.793(Af). 
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An  exposure  period  of  100  years,  and  a  probability  of  non- 
exceedance  of  0.9  for  that  time  period  were  judged  to  be  ap- 
propriate parameters  for  the  purposes  of  this  study.  The  prima- 
ry attenuation  relationships  used  for  peak  horizontal  accelera- 
tion (PHA)  and  peak  horizontal  velocity  were  those  of  Joyner 
and  Boore  (1981).  While  differentiation  between  rock  and  soil 
sites  was  not  found  to  be  statistically  significant  for  the  accel- 
eration equation,  Joyner  and  Boore  (1981)  found  that  the  addi- 
tion of  a  "soil  site"  term  for  the  velocity  equation  was  valid. 
More  recent  work  however,  has  suggested  considerable  ampli- 
fication may  occur  in  soft  near-surface  materials  such  as  un- 
derlie the  North  Delta  (Joyner  and  Boore,  1988;  Aki  and  Rich- 
ards, 1980).  The  velocity  values  calculated  for  this  study  as- 
sume a  soil  site.  An  advantage  to  the  Joyner-Boore  relations  is 
that  standard  deviations  were  obtained  which  can  be  used  to 
quantify  the  reliability  of  the  results.  Computations  were  also 
made  with  the  acceleration  attenuation  relation  of  Seed  and 
Idriss(1982). 
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Since  the  number  of  events  that  can  occur  on  a  fault  source 
is  related  to  the  length  of  rupture  for  the  specific  magnitudes 
considered,  the  use  of  proper  fault  rupture  length  vs.  magni- 
tude relationships  is  important.  For  the  strike-slip  faults  in  our 
model,  the  "US7"  relation  of  Bonilla  and  others  (1984)  was 
used.  This  relation  was  derived  from  California  strike-slip 
earthquakes  only,  and  has  a  very  high  correlation  coefficient. 
For  the  CRNSBZ  source  the  "RV"  (reverse  faulting)  relation 
was  used,  and  for  the  Foothills  fault  source  the  "WNA"  (west- 
ern North  America)  relation  was  employed  (Bonilla  and  oth- 
ers, 1984). 

Two  sites  within  the  North  Delta,  shown  on  Figure  2,  were 
chosen  as  target  sites.  The  sites  were  placed  near  the  south- 
western and  northeastern  corners  of  the  study  area  in  order  to 
minimize  and  maximize  the  distance  to  the  major  seismic 
sources,  respectively.  In  order  to  minimize  the  abrupt  transi- 
tion to  the  zone  of  random  seismicity,  a  location  error  of  5 
kilometers  was  assumed.  Each  source  was  analyzed  separately 
to  assess  its  individual  effect  on  the  target  sites.  For  some 

sources  insufficient  occurrences  were  recorded  to 
satisfy  the  conditions  of  exposure  period  and 
probability  level. 

SEISRISK  Results  To  assess  the  spatial  vari- 
ability of  expected  ground  motions  within  the 
study  area,  a  matrix  of  56  points  was  defined  for 
analysis  (Figure  2).  The  results  of  the  SEISRISK 
calculations  were  plotted  as  contour  maps  of  peak 
acceleration  and  velocity  within  the  study  area. 
Predicted  ground  motions  decrease  from  south- 
west to  northeast  (i.e.,  away  from  the  zone  of 
random  seismicity  and  the  most  active  faults). 
Results  for  the  two  target  sites  are  summarized  in 
Table  1.  The  Joyner  and  Boore  (1981)  results  are 
presented  with  plus  one  standard  deviation  shown 
in  parentheses.  No  statistical  parameters  were 
given  by  Seed  and  Idriss  (1982),  and  it  should  be 
noted  that  their  relation  is  for  rock  sites. 

The  Joyner  and  Boore  (1981)  values  in  Table  1 
give  what  we  consider  to  be  conservative  prelimi- 
nary values  for  ground  motions  in  the  North  Del- 
ta at  the  given  probability  and  exposure  levels. 
The  Seed  and  Idriss  (1982)  values  are  also  pre- 
sented to  point  out  that  the  choice  of  attenuation 
relationship  has  a  significant  effect  on  the  final 
values.  This  observation  is  discussed  elsewhere 
(e.g.,  Youngs  and  Coppersmith,  1985),  and 
makes  direct  comparisons  to  previous  studies  in 
the  Delta  difficult.  For  example,  CDWR  (1981), 
Dames  and  Moore  (1985),  and  the  EBMUD  stud- 
ies all  used  different  attenuation  relationships. 


Figure  2.  Liquefaction  potential  within  the  North  delta  study  Area.  Percentage  of 
Delta  levees  with  predicted  foundation  liquefaction  potential  shown  in  boxes. 
Values  in  grid  pattern  are  predicted  PHA  with  90%  probability  of  non-exceedence  in 
100-years.  Shading  corresponds  to  area  between  contoured  PHA's. 
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GEOTECHNICAL  ANALYSIS 

Throughout  the  Delta,  the  levees  are  generally  founded  on 
soft,  compressible  peaty  soil  which  is  underlain  by  unconsoli- 
dated sandy-silty  alluvium.  In  the  North  Delta  area,  the  peat 
soils  vary  in  thickness  from  less  than  3  m  to  more  than  12  m 
(CDWR,  1982).  Variability  in  both  levee  composition  and 
foundation  conditions  throughout  the  North  Delta  led  to  the 
use  of  two  levee  cross  sections  in  this  analysis  in  order  to  de- 
termine a  range  of  responses  which  might  be  expected.  The 
two  sections  analyzed  are  described  as  the  average  levee  sec- 
tion and  a  less  stable  levee  section.  It  is  assumed  that  roughly 
85-90  percent  of  the  North  Delta  levees  are  more  stable  than 
the  less  stable  model. 

Two  types  of  earthquake-induced  failure  are  considered 
possible:  liquefaction  related  deformation  and  non-liquefac- 
tion related  deformation  failure.  A  simplified  liquefaction 
analysis  was  performed  using  the  empirical  procedure  de- 
scribed by  Seed  and  others  (1983).  Standard  Penetration  Test 
(SPT)  blowcounts  were  available  from  numerous  locations 
throughout  the  North  Delta  islands  and  are  described  in  the 
report  by  the  U.  S.  Army  Corps  of  Engineers  (1987).  The 
cyclic  stress  ratio  induced  by  the  subject  earthquake  was  deter- 
mined using  SHAKE  (Schnabel  and  others,  1982).  Design 
earthquake  ground  motions  were  synthetically  generated  to 
match  the  response  spectrum  representing  a  deep  cohesionless 
soil  site.  Seismically-induced  deformations  were  estimated 
using  DYNDSP  (Von  Thun  and  Harris,  1981)  which  uses  the 
sliding  block  procedure  developed  by  Newmark  (1965)  for 
estimating  permanent  displacements.  Seismically-induced 
displacement  was  computed  for  both  the  average  and  the  less 
stable  sections. 

Failure  criteria  have  been  established  for  both  types  of  po- 
tential failures  using  conservative  definitions.  For  this  study, 
liquefaction-related  failure  has  been  assumed  to  occur  in  one- 
half  (50  percent)  of  the  locations  where  potentially  liquefiable 
soils  are  present.  This  assumes  that  50  percent  of  the  potential- 
ly liquefiable  locations  contain  soils  which  are  continuous 
enough  to  cause  a  broad  area  of  liquefied  soil  capable  of  creat- 
ing significant  deformation  of  the  levee.  Deformation  failure  is 
assumed  to  occur  if  0.3  meters  of  total  displacement  occurs, 
whether  it  be  for  the  average  section  or  the  less  stable  levee 
section. 


The  percentage  of  sites  expected  to  fail  due  to  liquefaction 
increases  from  northeast  to  southwest  across  the  study  area  as 
the  seismic  loading  increases  (Figure  2).  For  approximately  40 
percent  of  the  North  Delta  area,  accelerations  greater  than  O.lg 
have  a  90  percent  probability  of  non-exceedance  in  100  years. 
Within  this  area,  the  results  of  this  study  suggest  that  23-36 
percent  of  the  levee  area  would  experience  liquefaction-in- 
duced foundation  failure. 

Our  analyses  do  not  predict  significant  numbers  of  non- 
liquefaction  failures.  Predicted  deformations  are  <0.1  m  for 
both  the  average  and  less  stable  levee  sections.  However, 
based  on  the  variability  in  materials  and  methods  used  to  con- 
struct the  levees,  some  small  percentage  of  deformation  fail- 
ures seems  likely. 

CONCLUSIONS 

The  preliminary  seismic  source  assessment  and  geotechnical 
analysis  clearly  indicate  that  there  is  significant  risk  of  failure 
due  to  earthquake  loads  in  the  North  Delta.  Numerous  seismic 
sources  with  the  potential  to  affect  the  Delta  have  been  identi- 
fied, and  a  preliminary  analysis  shows  that  potentially  damag- 
ing seismic  loads  are  likely  within  the  next  100  years.  Levee 
failures  due  to  overtopping  and/or  static  stability  problems 
have  been  documented  throughout  the  Delta  (CDWR,  1982), 
indicating  a  significant  concern  regarding  the  long-term  per- 
formance of  all  the  Delta  levees.  The  analyses  discussed  in 
this  report  show  that: 

•  Significant  spatial  variability  in  peak  ground  motion  is  ob- 

served within  the  North  Delta  study  area.  For  an  exposure 
period  of  100  years  and  a  probability  of  non-exceedance  of 
0.9,  peak  accelerations  vary  from  less  than  0.05g  to  0.25g 
and  peak  velocity  varies  between  10  and  20  cm/sec.  (using 
SEISRISK  III  and  the  attenuation  relationships  of  Joyner 
and  Boore  (1981)).  The  estimated  peak  acceleration  is  O.lg 
or  greater  for  about  40  percent  of  the  North  Delta  study 
area. 

•  For  the  100-year  exposure  period  described  above,  the  analy- 

ses indicate  that  the  given  loading  conditions  will  induce 
seismic  stresses  in  the  foundation  soils  which  will  equal  or 
exceed  levels  required  to  cause  liquefaction  failure  over  a 
variable  portion  of  the  levees  as  shown  in  figure  2.  For  the 
areas  where  peak  accelerations  are  O.lg  or  greater,  approxi- 


Table  1.  Ground  motion  parameters  for  two  North  Delta  sites. 

Acceleration  (g) 

Acceleration  (g) 

Velocity  (cm/sec) 

(Joyner  and  Boore,  1981) 

(Seed  and  Idriss,  1982) 

(Joyner  and  Boore,  1981) 

Site  1                                               0.15(0.33)* 

0.21 

19.7(41.2)* 

Site  2                                               0.05(0.13)* 

0.08 

10.7(17.9)* 

*  +  1  standard  deviation 
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Appendix: 

Principal  earthquake  sources 

Fault  or  source 

Characteristic 

Closest 

Return 

Slip 

Peak 

Magnitude 

approach 

period 

rate 

horizontal 

(Ms) 

(km) 

(yrs) 

(mm/yr) 

acceleration  (g) 
Site  1 /Site  2 

San  Andreas 

8 

80-125 

300 

16 

.06/.03 

Hayward 

7 

50-95 

200 

7.5 

.07/04 

Calaveras 

7 

35-85 

200 

7.5 

.08/.04 

Heasdsburg-Rodgers  Crk. 

7 

55-90 

220 

7 

.06/.04 

Maacama 

7.5 

90-130 

700 

7 

.02/.02 

Green  Valley-Cordelia 

6.5 

30-65 

420 

4 

.08/.03 

Concord 

6.5 

30-70 

320 

4 

.08/.03 

Clayton 

6.5 

25-70 

1000 

<1 

*** 

Marsh-Greenville 

6.5 

30-75 

1000 

<1 

T 

Arroyo  Mocho 

6.5 

50-90 

1000 

<1 

*;* 

Vaca 

6 

15-50 

260 

>.3 

.11/.05 

Kirby  Hill 

6 

15-50 

260 

>3 

.15/.05 

Antioch 

6 

10-60 

260 

<3 

.14/.04 

Davis 

6 

15-60 

260 

>3 

.10/.04 

Foothills 

6 

35-80 

10000 

«1 

*;* 

CRSNBZ 

6.5 

0-25 

1000 

? 

*/* 

Ortigalita 

6.5 

95-140 

5000 

<1 

*;* 

Background  seismicity 

4.7-5.8 

0-40 

5 

n.a 

.11/.03 

Collayami-Big  Valley 

6.5 

90-140 

2000 

0.3 

*/* 

*Occurrences  insufficient  to  satisfy  probability  and  exposure  period  requirements 

***included  with  Marsh  Creek  -  Greenville  faults 

Notes:  PHA  based  on  relationship  of  Joyner  and  Boore  (1981). 

References  for  fault  data:  WGCEP,  1988;  Wesnousky,  1986;  ESA,  1982;  Clark  and  others,  1984; 

Wong  and  others,  1988;  Anderson  and  others,  1982;  Collins  and  Urhammer,  1988. 


mately  23-36  percent  of  the  levees  areas  meet  the  failure 
criteria.  A  small  percentage  of  sites  would  likely  also  expe- 
rience deformation  failures  and  levee  liquefaction  failures. 

A  major  contribution  to  the  seismic  loadings  for  the  south- 
western portion  of  the  North  Delta  area  comes  from  faults 
such  as  the  Davis,  Kirby  Hill,  Antioch,  and  Vaca  that  are 
characterized  as  potential  sources  of  moderate  earthquakes 
with  average  return  periods  of  a  few  hundred  years.  Signifi- 
cant uncertainty  exists  in  the  paleoseismic  assessments  for 
these  faults.  Small  changes  in  the  characterization  of  these 
sources  would  significantly  impact  the  assessment  of  risk  in 
the  North  Delta  area.  Conversely,  for  the  specified  expo- 


sure period  of  100  years,  sources  such  as  the  CRSNBZ 
with  average  return  periods  of  1000  years  or  more  make  no 
significant  contribution  to  the  risk. 

Additional  data  from  field  and  laboratory  investigations  re- 
lated specifically  to  the  North  Delta  area  (i.e.  SPT's,  shear- 
wave  velocity  measurements,  gradations,  and  dynamic 
consolidation  tests)  would  improve  the  confidence  in  the 
conclusions  and  broaden  the  range  of  application  consider- 
ably. Additional  assessment  of  important  nearby  seismic 
sources,  local  attenuation  characteristics,  soil  amplification 
factors,  linear  vs.  non-linear  damping  of  near-surface  mate- 
rials, and  parametric  studies  should  be  investigated  more 
fully. 
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Liquefaction  Potential  of  the 
Sacramento-San  Joaquin  Delta 


by 
Michael  O.  Finch1 


ABSTRACT 

This  geotechnical  study  assessed  the  potential  for  liquefaction  along  the  Sacramento-San  Joaquin  Delta 
levee  system,  which  holds  back  salt  water  from  San  Francisco  Bay  to  the  west.  A  catastrophic  failure  of  this 
system  could  pollute  the  Delta's  fresh  water  upon  which  much  of  California  depends.  Since  1850,  oxidation  of 
the  Delta's  peat  soils  has  caused  subsidence  on  over  740,000  acres.  Today,  Delta  elevations  range  as  low  as 
25  feet  below  sea  level  and  continue  to  sink  at  average  rates  of  up  to  three  inches  per  year.  Delta  levees  also 
experienced  record  high  water  levels  five  times  in  the  last  ten  years. 

Several  aqueducts  and  canals  divert  much  of  the  Delta's  fresh  water  to  surrounding  regions,  and  provide 
water  to  two-thirds  of  California's  population  and  one-quarter  of  its  land  area. 

Several  major  active  faults  pass  near  or  through  the  Sacramento-San  Joaquin  Delta.  The  Delta  has  not  ex- 
perienced severe  seismic  shaking  since  the  great  1906  San  Francisco  earthquake,  however,  recent  moderate 
earthquakes  have  produced  non-catastrophic  Delta  levee  damage. 

This  study  found  liquefiable  sand  to  be  widespread  beneath  the  levee  systems  on  most  of  the  70  major  Delta 
islands.  The  susceptibility  of  the  Delta  levees  to  earthquake-induced  liquefaction  is  high.  Because  of  the  high 
probability  of  large  earthquakes  in  the  Bay  region  in  the  coming  decades,  the  potential  for  liquefaction  here 
also  is  high.  Therefore,  the  risk  of  catastrophic  levee  failure  caused  by  earthquake-induced  liquefaction  and 
the  resulting  loss  of  the  Delta's  freshwater  resource,  is  high.  Unless  it  is  mitigated,  this  risk  will  increase  with 
continued  Delta  subsidence  and  global  sea  level  rise. 


INTRODUCTION 

The  Sacramento-San  Joaquin  Delta  is  located  at  the 
confluence  of  the  Sacramento  and  San  Joaquin  rivers, 
immediately  upstream  from  the  San  Francisco  Bay  system. 
Nearly  one-half  of  California's  total  river  volume  passes 
through  the  Delta  (U.S.  Army  Corps  of  Engineers,  1982). 
Starting  in  1940,  part  of  this  flow  was  diverted  for  munici- 
pal and  agricultural  use.  At  present,  six  major  aqueducts  and 
canals  deliver  Delta  water  as  far  south  as  the  Mexican 
border  and  as  far  west  as  San  Francisco.  Nearly  90  public 
agencies,  serving  over  two-thirds  of  California's  population 
and  more  than  one-quarter  of  its  land  area,  contract  for  Delta 
water  (McClurg  and  others,  1978). 

This  freshwater  resource  has  a  seismic  risk  that  includes: 
(1)  the  potential  earthquake  damage  to  the  Delta's  levee 
system  and  consequent  pollution  of  freshwater  supplies  by 
intruding  salt  water  from  the  Bay;  and  (2)  earthquake 
damage  to  the  aqueducts  that  transport  this  freshwater  to 
much  of  the  state's  population.  This  paper  addresses  the 
potential  for  earthquake-caused  damage  to  the  Delta's  levee 
system. 


HISTORY  OF  DELTA  DEVELOPMENT 

Before  1850  the  Delta  was  a  tideland  swamp  with  low 
tule  covered  islands  that  were  just  awash  at  high  tide 
(Thompson,  1982).  With  the  passage  of  the  Arkansas 
Swamp  Act  in  1850,  the  Federal  Government  granted  to  the 
states  all  swamp  and  tidelands  that  could  be  drained  and 
reclaimed.  The  California  Legislature  passed  the  Green  Act 
in  1868,  which  removed  all  controls  on  the  reclamation 
process,  and  widespread  reclamation  began  in  the  Delta. 
Private  citizens  gained  title  to  unreclaimed  land  by  paying  a 
small  filing  fee  (usually  one  dollar  per  acre)  and  building 
low  levees  around  the  area  to  hold  back  tidal  waters.  After 
the  land  dried,  landowners  stripped  the  islands  of  their 
native  vegetation,  usually  by  burning.  Up  to  two  feet  of 
peat  soil  were  lost  in  a  single  burning. 

The  islands  were  intensively  farmed  for  cash  crops  that 
included  potatoes  and  white  asparagus  requiring  loose,  well 
tilled  soils.  Delta  soils  are  also  low  in  potassium,  and 
farmers  often  burned  the  peat  to  increase  soil  nutrients. 
These  farming  practices  led  to  subsidence  due  to  oxidation, 
dewatering,  and  deflation.  Subsidence  continues  today  in 


1  California  Integrated  Waste  Management  Board,  8800  Cal  Center  Drive,  Sacramento,  CA  95826-3268 
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Figure  1   Sacramento-San  Joaquin  Delta  earthquake  damage  sites.  Earthquake  damage  areas  numbered  1-18  correspond  to  sites 
numbered  in  Table  1. 
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Table  1.   Earthquake  related  damage 

>,  Sacramento-San  Joaquin  Delta. 

Site 
No. 

Epicenter 

Date 

Magni- 
tude 

Delta  Island 
or  Tract 

Distance  to 
Fault  Rupture 

Aprox* 

amax 

in  miles 

Damage 

1 

Winters- 
Vaccavile 

4-19-92 
4-21-92 

6.2 
6.4 

Weber  Tr. 

60 

0.06 

Cracks  and  slip-outs** 

2 

San  Francisco 

4-18-06 

8.3 

Weber  Tr. 

70 

0.16 

Cracks  and  slip-outs** 

3 

Pittsburg 

10-24-55 

5.0 

Lower  Jones  Tr. 

20 

0.05 

1000-foot  long  cracks  along  levee 
crown  near  to  some  trees. 

4 

Coyote 

8-6-79 

5.9 

Mandeville  Is. 

65 

0.03 

A  500-foot  section  of  the  levee 
moved  landward  several  feet.  It  was 
noticed  independently  by  two  people. 
First  seen  minutes  after  the  quake. 

5 

Livermore 

1-24-80 

5.9 

Bacon  Is. 

20 

0.10 

A  250-foot  land-side  slip-out  dropped 
several  feet.  Sited  in  Kearney,  1980. 

6 

Livermore 

1-24-80 

5.9 

Empire  Tr. 

20 

0.10 

A  200-foot  land-side  slip-out  dropped 
6  inches.  Reported  by  local  resident 
and  DWR  employee. 

7 

Coalinga 

5-2-83 

6.7 

Webb  Tr. 

150 

0.01 

A  500-foot  long  crack  opened  along 
levee  crown  up  to  5  feet  wide.  Five 
slip-outs.  Bulldozer  rolled  off  levee. 
Several  eyewitnesses  at  time  of 
quake.  Levee  nearly  failed  according 
to  foreman  present. 

8 

Coalinga 

5-2-83 

6.7 

Webb  Tr. 

150 

0.01 

The  "Garratt  Well"  an  abandoned 
artesian  well,  and  the  site  of 
seepage  for  years  stopped  flowing 
after  the  earthquake. 

9 

Coalinga 

5-2-83 

6.7 

Venice  Is. 

150 

0.01 

A  500-foot  long  crack  opened  along 
levee  toe  and  dropped  from  several 
inches  to  over  2  feet.  Damage 
noticed  minutes  after  earthquake. 

10 

Coalinga 

5-2-83 

6.7 

Venice  Is. 

150 

0.01 

An  area  of  persistent  seepage  for 
many  years  stopped  after  the  quake. 

11 

Coalinga 

5-2-83 

6.7 

Venice  Is. 

150 

0.01 

Several  cracks  opened  -  one  was  400 
feet  long  and  had  water  pouring  out. 

12 

Coalinga 

5-2-83 

6.7 

Venice  Is. 

150 

0.01 

A  1000-foot  long  crack  ran  along 
the  levee  toe.  It  was  several  inches 
to  3  feet  wide. 

13 

Coalinga 

5-2-83 

6.7 

Venice  Is. 

150 

0.01 

At  this  site  14  wooden  pilings  popped 
up  in  a  field  that  had  been  mowed 
the  day  before.  The  pilings  were 
the  foundations  of  an  abandoned 
horse  barn. 

14 

Coalinga 

5-2-83 

6.7 

King  Is. 

150 

0.01 

The  concrete  floor  of  a  shed  cracked 
for  25  feet  and  settled  8  inches 

15 

Pittsburg 

6-5-83 

3.6 

Webb  Tr. 

15 

0.02 

Several  minor  cracks  were  noticed 
at  the  Coalinga  damage  site  7. 
These  cracks  were  at  right  angles  to 
those  produced  by  the  Coalinga 
event. 

16 

Morgan  Hill 

4-24-84 

6.2 

Webb  Tr. 

60 

0.05 

Six  parallel  cracks  one  inch  wide 
and  75  feet  long  were  noticed 
minutes  after  the  earthquake. 

17 

Morgan  Hill 

4-24-84 

6.2 

Webb  Tr. 

60 

0.05 

A  25-foot  long  one  inch  wide  crack. 

18 

Morgan  Hill 

4-24-84 

6.2 

Venice  Is. 

60 

0.05 

A  pre-existing  25-foot  long  crack 
lenghtened  75  feet  along  the  levee 
and  the  land  side  dropped  2  inches. 
Site  inspected  before  and  after  the 
earthquake  by  DWR  employees. 

*  Maximum  Acceleration  in  g's 

**  From  a  letter  written  by  Weber's  engineer  in  cl9l4 


After  Finch,  1985. 
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the  Delta,  mostly  as  a  result  of  oxidation,  at  rates  of  up  to 
4.6  inches  per  year  with  an  average  loss  of  3.0  inches  per 
year  in  the  central  Delta  (Newmarch,  1980).  Over  740,000 
acres  of  the  Delta  have  sunk  since  1 850  requiring  the 
construction  of  nearly  1000  miles  of  levees.  Presently  over 
200,000  acres  of  the  Delta  measure  below  sea  level  with 
elevations  as  low  as  minus  25  feet  (Rote,  1982).  Landown- 
ers raised  levees  as  the  land  sank  and  today  some  exceed  30 
feet  in  height  (U.S.  Army  Corps  of  Engineers,  1984).  Tidal 
surges  and  high  river  flows  led  to  record  high  water  levels  in 
the  Delta  five  times  in  the  last  ten  years:  1982,  twice  in 
1983,  and  twice  in  1986.  Studies  of  modern  changes  in 
global  sea  level  indicate  that  the  Delta  levees  are  facing  a 
rise  in  sea  level  of  4  to  5  inches  per  decade  (Williams, 
1985). 

HYDROLOGY  OF  THE  DELTA 

The  Delta  is  hydrologically  complex.  Several  major  rivers 
including  the  Sacramento,  San  Joaquin,  Calaveras, 
Consumnes,  and  Mokelumne,  join  to  form  a  single  channel 
at  Chipps  Island.  Prior  to  California's  water  development, 
the  Delta  was  predominately  a  freshwater  swamp,  but 
during  periods  of  low  river  flow  in  the  summer,  salt  water 
backed  up  into  Suisun  Bay  and  into  the  Delta  (Jackson  and 
Paterson,  1977).  This  consequence  was  pronounced  in  low 
rainfall  years.  The  worst  case  of  documented  salt  water 
intrusion  occurred  in  September,  1931,  when  concentrations 
of  1000  ppm  chloride  reached  as  far  north  as  Freeport  and  as 
far  south  as  Tracy. 

The  recognition  of  the  Delta  as  a  "common  pool"  for 
water  users  led  to  the  realization  of  its  vulnerability  to  salt 
water  intrusion.  In  June,  1972,  a  sudden  levee  failure  on 
Brannan-Andrus  Island  drew  up  salt  water  from  Suisun  Bay 
into  the  Delta.  Some  300,000  acre-feet  of  freshwater  was 
released  from  upstream  dams  in  a  vain  attempt  to  control  the 
salinity  intrusion  and  53,000  tons  of  additional  salts  were 
pumped  from  the  Delta  into  export  canals  (Jackson  and 
Paterson,  1977).  In  a  1982  report  to  the  California  Legisla- 
ture, the  Emergency  Delta  Task  Force  identified  levees  as 
crucial  for  maintaining  Delta  water  quality.  Without  the 
integrity  of  its  levee  system,  the  Delta  will  eventually  flood 
and  transform  into  a  shallow,  inland,  saline  bay  (Rote, 
1982). 

FAULTING  NEAR  THE  DELTA 

Several  active  faults  with  damaging  earthquake  potential 
pass  through  or  near  the  Delta.  The  more  prominent  faults 
include:  (1)  the  Antioch  fault;  (2)  Calaveras  fault;  (3)  Green 
Valley  or  Concord  faults;  (4)  Greenville  fault;  (5)  Hayward 
fault;  (6)  Rodgers  Creek  fault;  (7)  Sierran  Block  Boundary 
Zone  (or  Winters- Vacaville)  fault;  and  (8)  San  Andreas 


fault.  The  Hayward,  Rodgers  Creek,  and  San  Andreas  faults, 
alone,  are  reported  to  have  a  67%  probability  of  generating 
at  least  one  magnitude  7  earthquake  before  the  year  2020 
(WGCEP,  1990). 


Other  faults  such  as  the  San  Gregorio  (Seal  Cove)  fault, 
and  the  Foothills  (Bear  Mountain)  fault  system,  may  inflict 
lesser  degrees  of  damage  to  the  Delta  because  of  their 
greater  distance.  The  Rio  Vista-Sherman  Island  fault, 
Midland  fault,  and  Tracy-Stockton  fault  do  not  appear  to  be 
active  (Newmarch,  1985). 

EARTHQUAKE-INDUCED  LEVEE  DAMAGE 

Earthquakes  are  not  known  to  have  caused  catastrophic 
Delta  levee  failures.  The  Delta,  however,  has  experienced 
only  limited  seismic  shaking  since  the  first  levees  were 
constructed  in  1850.  The  great  San  Francisco  earthquake  of 
1906  shook  the  Delta  more  severely  than  any  other  since 
reclamation  began.  Only  limited  damage  occurred  then 
because  subsidence  had  not  yet  become  a  major  problem  for 
levee  stability.  Also,  because  Delta  elevations  in  1906 
measured  significantly  higher  than  today  (from  sea  level  to 
approximately  five  feet  below  sea  level),  few  levees 
exceeded  five  feet  in  height.  However,  many  Delta  bridges 
and  railroad  embankments  sank  to  some  extent  coincident 
with  the  1906  earthquake  (Kearney,  1980). 

Finch  (1985)  published  the  first  compilation  of  damage  to 
Delta  levees  from  weak  and  distant  earthquakes.  Eighteen 
examples  of  earthquake  damage  are  now  documented  (Table 
1  and  Figure  1).  Estimates  of  on-site  peak  accelerations  at 
these  sites  suggest  seismic  amplification  from  the  Delta's 
saturated,  unconsolidated  sediments  (Finch,  1987).  Eight  of 
the  twelve  most  recently  damaged  sites  listed  on  Table  1  are 
underlain  by  low  density,  potentially  liquefiable  sands:  site 
numbers  7,  9,  11,  12,  15,  16,  17,  and  18.  Sandy,  saturated 
sediments  are  particularly  susceptible  to  liquefaction  during 
earthquakes. 

SEISMIC  ANALYSIS  OF  DELTA  LEVEES 

Over  the  last  ten  years  the  use  of  sand  in  repairs  of  Delta 
levees  became  a  common  practice.  Suction  dredges  place 
loose  sands  on  levee  crowns,  backslopes,  and  toes.  Levee 
breaks  are  also  repaired  with  loose  sand.  In  1985,  the  author 
sampled  through  sandy  levee  sections  on  59  of  the  70  major 
Delta  islands  with  a  10-foot  hand  auger.  The  test  holes 
revealed  uniform,  medium-grained  sands  with  low  relative 
densities  and  low  standard  penetration  blow  counts  (Table 
2).  Saturated  conditions  were  present  in  all  of  the  borings. 
These  findings  together  indicate  a  high  susceptibility  to 
widespread  earthquake-induced  levee  failure  from  a  major 
earthquake  centered  in  or  near  the  Delta. 
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Table  2.    Tabulation  of  liquefaction  potential  data:  Sandy  levee  sections  on  Delta  islands  with  low  relative  densities  and 
blow  counts  indicating  high  susceptibility  to  liquefaction  (see  text). 


Delta  Island/Tract 


Relative  Density 


Standard  Blow  Count 


Atlas  - 

Bacon  — - 26%  at  6.2  feet- 

Bethel — -- 16%  at  7.0  feet- 

Bishop - 

Bouldin —  35%  at  6.0  feet  • 

Brack  — - 


Bradford  -- -—20%  at  7.1  feet  - 

Brannan-Andrus - 13%  at  5.0  feet-- 

Byron  30%  at  7.0  feet - 

Canal  Ranch — — - - 

Coney — - - — - 

Drexler - — 

Egbert - - - 13%  at  17.3  feet - 

Empire -- - — ■ 

Fabian — - - - 

Grand — 32%  at  8.0  feet- 

Hastings  - — - 

Holland — -—14%  at  6.5  feet  - 

Hotchkiss — 13%  at  5.0  feet  - 

Jersey  - -— —  8%  at  4.5  feet  — 

Jones:  Upper-Lower - - -15%  at  7.0  feet- 

King - - - 

Liberty 16%  at  4.0  feet- 

Mandeville 19%  at  4.6  feet  - 

McCormack-William. - - 

McDonald  - — -— 30%  at  3.0  feet  - 

Medford  — - - — - 

Merritt  - - - 

New  Hope  

Orwood - - - 27%  at  6.5  feet- 

Palm - - 35%  at  7.  feet 

Pierson— - - - 

Prospect -23%  at  5.7  feet - 

Quimby - — - 

Rindge - - - — 

Rio  Blanco - 

Roberts:  Up/Mid/Low - 34%  at  5.0  feet - 

Ryer - 30%  at  7.  feet 

Sargent-Bamhart  — — - - 

Sherman  — - 19%  at  6.8  feet- 

Shima - 


-9  at  9.4  feet 
-5  at  6.0  feet 
-5  at  7.9  feet 
-9  at  9.4  feet 
10  at  19  feet 
-5  at  5.0  feet 
-4  at  17  feet 
-2  at  7.0  feet 
-5  at  6.0  feet 
-2  at  15  feet 
-6  at  12  feet 
-9  at  15  feet 


Shin  Kee — - - 

Staten - 

Sutter  — - 20%  at  5.2  feet 

Terminous  - - - - — 

Twitchell - 32%  at  10  feet  - 

Tyler 

Union  — - - 30%  at  5.5  feet- 

Upper  Orwood  - 

Van  Sickle - 

Venice 30%  at  5.1  feet 

Victoria  — - 21%  at  6.7  feet- 

Webb - 34%  at  4.8  feet 

Woodward 1 4%  at  6.4  feet  ■ 

Wright-Elmwood - 


-4  at  6.0  feet 
-5  at  8.0  feet 
-4  at  2  3  feet 
-5  at  5.0  feet 
-4  at  15  feet 
■5  at  5  .5  feet 
-3  at  16  feet 
- 1  at  7.5  feet 
-3  at  7.0  feet 
-3  at  7.0  feet 
-3  at  15  feet 
-6  at  7.0  feet 
-8  at  17  feet 
-3  at  7.0  feet 
-4  at  18  feet 
-7  at  5.0  feet 
-4  at  7.1  feet 
-4  at  23  feet 
-2  at  20  feet 
-3  at  6.5  feet 
-5  at  18  feet 
-2  at  15  feet 
—  7  at  5.  feet 
-4  at  7.0  feet 
-3  at  27  feet 
-4  at  10  feet 
-4  at  7.0  feet 
-10  at  10  feet 
-7  at  5.0  feet 
-2  at  10  feet 
-2  at  16  feet 
-4  at  7.0  feet 
-6  at  10  feet 
-2  at  10  feet 
-3  at  6.4  feet 
-3  at  10  feet 
-4  at  6.5  feet 
-1  at  12  feet 
-3  at  7.0  feet 
-4  at  32  feet 
-3  at  7.0  feet 
-2  at  10  feet 


548 


DIVISION  OF  MINES  AND  GEOLOGY 


SP  113 


CONCLUSIONS 

The  Sacramento-San  Joaquin  Delta  remains  California's 
most  important  water  resource.  Levees  in  the  Delta  hold 
back  salt  water  from  San  Francisco  Bay  and  protect  the 
Delta's  water  quality.  Several  faults  capable  of  large 
earthquakes  pass  through  or  near  the  Delta.  Recently, 
earthquakes  of  only  moderate  strength  and  on  distant  faults 
have  damaged  Delta  levees.  An  analysis  of  nearly  all  of  the 
Delta's  levee  systems  revealed  a  high  susceptibility  to 
widespread  earthquake-induced  liquefaction  from  a  major 
earthquake.  Because  the  probability  for  major  earthquakes 
in  the  Bay  region  is  known  to  be  high,  the  potential  for 


earthquake-induced  liquefaction  in  the  Delta  is  also  high. 
Therefore,  the  seismic  risk  to  the  Delta  levee  system  and  the 
freshwater  resource  it  protects  appears  to  be  high.  Without 
future  mitigation,  this  risk  will  increase  with  continued  Delta 
subsidence  and  global  sea  level  rise. 
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Seismic  Risk  Assessment  of  the  Brentwood  Area, 
Eastern  Contra  Costa  County 

by 
Debra  Carey1 


ABSTRACT 

The  Brentwood  area  of  eastern  Contra  Costa  County  is  located  east  of  the  main  earthquake  sources  for  the  Bay 
Area.  The  San  Andreas  fault  is  located  approximately  40  miles  to  the  west  and  the  Hayward  fault  approximately 
20  miles  to  the  west.  Early  geologic  studies  in  the  Brentwood  area  concluded  that  the  Midland  fault  was  of  seismic 
significance  and  possibly  responsible  for  the  1892  Vacaville-Winters  earthquake.  More  recent  studies  have  attrib- 
uted this  M  6.4  earthquake  to  compression  at  the  Coast  Range/Great  Valley  boundary.  Additional  earthquakes 
significant  to  the  Brentwood  area  include  the  1980  earthquakes  on  the  Greenville  fault,  the  1906  earthquake  on 
the  San  Andreas  fault,  two  M4.0  earthquakes  near  Brentwood  in  1940  and  an  M6.0  earthquake  in  1889  near  Pitts- 
burg. These  events  all  produced  peak  horizontal  accelerations  greater  or  equal  to  0.1  g  at  Brentwood. 

In  the  past  ten  years,  the  Brentwood  area  has  undergone  rapid  population  growth.  Increased  land  development 
pressures  in  the  region  suggest  the  need  for  a  seismic  risk  assessment  of  this  area.  With  this  need  in  mind,  we 
have  evaluated  earthquake  sources  within  a  100-mile  radius  of  the  City  of  Brentwood.  Our  evaluation  included 
known  active  and  potentially  active  faults  as  well  as  seismic  swarms  not  associated  with  known  faults.  We  esti- 
mate that  approximately  every  14  years  one  earthquake  event  of  magnitude  >6.0  might  occur  within  100  miles  and 
produce  levels  of  ground  motions  not  to  exceed  0.45g  (peak)  or  0.30g  (effective)  in  the  Brentwood  area. 


INTRODUCTION 

This  paper  presents  a  seismic  risk  assessment  for  a  box 
area  of  approximately  100  square  miles  surrounding  the  city 
of  Brentwood,  near  the  northwestern  margin  of  the  San 
Joaquin  Valley,  in  eastern  Contra  Costa  County,  California 
(Figure  1).  The  assessment  consists  of  (1)  identifying 
seismic  sources  that  contribute  to  seismic  hazard  in  the 
region,  (2)  assessing  the  earthquake  recurrence  from  the 
identified  sources,  (3)  using  attenuation  relationships  to 
calculate  changes  in  seismic  ground  acceleration  due  to 
distance  from  earthquake  sources  and  (4)  summarizing  the 
data  into  a  probability  of  risk. 

The  Holocene  alluvial  and  eolian  sediments  covering  most 
of  the  Brentwood  region  are  not  known  to  be  offset  by 


faulting.  Bedrock  west  of  Brentwood  consists  of  the  Eocene 
Markley  formation  overlying  older  rocks  including  the 
Eocene  Nortonville  shale,  Domengine  sandstone  and 
Meganos  formations,  the  Paleocene  Martinez  formation  and 
the  Cretaceous  Moreno  formation.  Regional  bedrock  strikes 
to  the  northwest  and  dips  gently  to  the  northeast.  The 
regional  structure  has  been  altered  by  faulting  and  by  the 
upthrust  of  Mt.  Diablo,  located  to  the  west  of  the  region. 

Large  historical  earthquakes  have  not  occurred  within  the 
Brentwood  study  area.  Historical  seismicity  has  been 
limited  to  low  magnitude  and  microseismic  events.  How- 
ever, until  about  1940  available  earthquake  records  for  the 
region  are  lacking  and  events  in  the  ML-0  to  2.5  range  were 
not  measured  until  about  1969. 
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Figure  1 .  Regional  faulting  and  seismicity  map  showing  sources  of  epicenter  data  used  in  this  study. 


EARTHQUAKE  SOURCES 

We  define  distant  sources  as  those  greater  than  fifteen 
miles  from  the  study  area  and  nearby  sources  as  those 
fifteen  miles  or  less  from  the  study  area  (Krinitzsky  and 
others,  1987).  Historically,  distant  sources  to  the  west  of 
Brentwood  have  produced  the  largest  earthquakes  and 
nearby  sources  have  produced  a  sporadic  background  of 
smaller  earthquakes  with  low  to  intermediate  magnitudes. 

Distant  sources  include  the  major  known  active  faults  of 
the  Bay  Area,  namely  the  San  Andreas,  Hayward,  Rodgers 
Creek,  Healdsburg,  and  Green  Valley.  These  sources  are  all 
at  least  15  miles  west  of  the  Brentwood  study  area  as  shown 
on  Figure  1 ,  and  are  known  to  be  capable  of  producing 
moderate  to  large-scale  seismic  events.  Seismic  accelera- 
tions at  the  study  region  from  these  distant  faults  are 
summarized  in  Table  1. 

Sources  near  the  Brentwood  study  region  include  the 
Calaveras,  Concord,  and  Greenville  faults,  and  small  local 
faults  that  may  produce  low  magnitude  earthquakes.  Local 
faults  will  be  discussed  individually  in  the  following 
paragraphs. 


LOCAL  FAULTS 

Sherman  Island  Fault 

Brabb  and  others  (1971),  on  their  map  of  the  geology  in 
the  Mount  Diablo-Byron  area  show  a  fault,  which  they  term 
the  Sherman  Island  fault,  trending  southerly  just  west  of 
Fairview  Avenue,  west  of  the  City  of  Brentwood.  The 
California  Division  of  Oil  and  Gas  (1963)  maps  the 
Sherman  Island  fault  considerably  to  the  east  of  Brabb  and 
others  (1971). 

Cherven  (1983)  shows  the  Sherman  Island  fault  offsetting 
the  Eocene  Domengine  sandstone  but  not  younger  Oligo- 
cene  or  Miocene  rocks.  Atwater  (1982)  could  find  no 
evidence  of  Holocene  displacement  on  the  Sherman  Island 
fault.  ENGEO,  Inc.  observed  and  logged  three  exploratory 
trenches  across  the  mapped  (Brabb  and  others,  1971) 
Sherman  Island  fault  trend  west  of  Brentwood,  and  was 
unable  to  verify  the  existence  of  a  throughgoing  fault 
(ENGEO,  Inc.,  1989). 
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Brentwood  Fault 

South  of  Balfour  Road,  the  Sherman  Island  fault  trend  has 
been  called  the  Brentwood  fault  (California  Department  of 
Water  Resources,  1981;  ESA,  1982).  The  Brentwood  fault  is 
described  as  a  steeply  east  dipping  (65  to  85  degrees), 
normal,  east-side  down  fault.  ESA  estimates  that  the  last 
fault  movement  on  the  Brentwood  fault  was  at  least  50,000 
to  70,000  years  ago,  based  on  soil  evidence  exposed  in 
trenches  excavated  across  the  fault.  This  data  suggests  that 
the  fault  has  Quaternary  movement  and  should  be  consid- 
ered potentially  active.  Additional  data  on  this  fault  should 
soon  be  available  from  trenching  by  Woodward-Clyde 
Consultants  for  Los  Vaqueros  Reservoir. 

Additional  Faults  Mapped  By  The  Division  Of  Oil 
And  Gas 

Several  subsurface  faults  have  been  mapped  by  geologists 
during  the  course  of  exploration  for  oil  and  gas  near 
Brentwood,  (California  Division  of  Oil  and  Gas,  1963). 
These  include  the  Davis-Lea  fault,  the  Arata  fault,  the  Ward 
35-10  fault,  the  Ginochio  fault,  and  the  Williamson  fault. 
All  of  these  faults  trend  northwesterly  and  are  normal,  east- 
side  down  faults,  with  the  exception  of  the  Ginochio  fault 
which  is  a  westerly  dipping,  reverse  fault  that  does  not 
offset  sedimentary  rock  younger  than  Paleocene  Age.  The 
others  extend  through  the  Eocene  Domengine  formation,  but 
any  activity  since  the  Eocene  has  not  been  recognized. 
ENGEO,  Inc.  excavated  an  exploratory  trench  through  the 
Markley  formation,  crossing  the  trend  of  the  Ward  35-10 
fault  and  was  unable  to  find  conclusive  evidence  of  fault 
offset  (ENGEO,  Inc.  1991).  These  faults  also  lack  evidence 
of  historic  seismicity. 

Antioch-Davis  Fault 

The  Antioch  fault  and  its  branch,  the  Davis  fault,  are  the 
nearest  state  zoned  active  faults.  The  California  Division  of 
Mines  and  Geology  (CDMG)  currently  considers  at  least 
portions  of  them  to  have  been  active  within  the  Holocene 
time  (last  11,000  years)  under  the  provisions  of  the  Alquist- 
Priolo  Act.  Re-evaluation  of  the  Antioch  fault  by  the 
CDMG  (Wills,  1992)  suggests  that  the  Antioch  fault  is  not 
active.  For  the  purposes  of  our  study,  however,  we  treated 
the  Antioch-Davis  fault  as  a  potential  source  of  seismic 
activity,  due  to  the  known  seismicity  located  somewhat  west 
of  the  mapped  surface  fault  trace. 

Midland  Fault 

The  Midland  fault,  2.5  miles  to  the  east,  is  a  major 
subsurface  fault  that  dips  steeply  to  the  west  and  offsets 
Paleocene  and  Eocene  rocks.  The  Midland  fault  was 
discovered  during  drilling  for  the  Rio  Vista  gas  field. 
During  development  of  the  field  it  became  evident  that 
movement  along  the  fault  had  controlled  Tertiary  sedimen- 
tary patterns.  Harwood  and  Helley  (1987)  have  found  no 


indications  that  Oligocene  or  younger  deposits  are  offset  by 
the  Midland  fault. 

Western  Margin  of  Central  Valley 

The  Vacaville-Winters  earthquake  sequence  of  April  1892 
is  not  attributable  to  a  known  surface  fault.  The  sequence 
occurred  beneath  the  English  Hills  approximately  20  miles 
north  of  the  Brentwood  study  area.  As  discussed  by  Eaton 
(1986),  the  main  shock  was  about  the  same  size  as  the  1983 
Coalinga  main  shock  (M6%).  The  two  largest  aftershocks 
are  estimated  to  have  measured  about  M5'/:and  M6Vi.  This 
sequence  of  earthquakes  is  one  of  the  most  significant 
seismic  events  to  affect  the  Central  Valley  area  in  historic 
times.  Recent  authors  suggest  that  this  earthquake  sequence 
was  not  produced  by  activity  on  the  Midland  fault  as 
originally  thought,  but  occurred  along  a  buried  thrust  fault  at 
the  Coast  Range/Great  Valley  boundary  (Eaton,  1986; 
Wong  and  Biggar,  1989;  Moores  and  others,  1991)  or  the 
Vaca-Montezuma  Hills  fault  (Finch,  1988).  The  sequence 
has  been  compared  with  both  the  Coalinga  and  Kettleman 
earthquakes,  also  on  buried  or  "blind"  thrust  faults.  Further 
seismic  activity  of  moderate-large  size  can  be  expected  to 
continue  along  the  western  margin  of  the  Central  Valley. 
We  consider  the  Coast  Range/Great  Valley  boundary  a 
significant  seismic  source  area. 

SEISMICITY  PATTERN 

Once  potential  seismic  sources  are  identified,  our  next  step 
involves  a  review  of  epicenter  data.  Epicenter  data  superim- 
posed over  fault  location  data  provides  information  with 
which  to  evaluate  the  local  faults  that  are  seismically  active 
as  well  as  the  regional  faults  that  are  the  most  probable 
sources  of  larger  earthquakes. 

We  used  three  sources  of  epicenter  data:  The  University 
of  California  seismograph  station  for  epicenters  from 
January  1940  to  January  1969  with  ML  a2.5;  the  U.S. 
Geological  Survey  for  epicenters  from  January  1969  to 
April  1991  with  magnitudes  al.5;  and  the  computer 
program  EQSEARCH  (Blake,  1989)  for  pre-1940  epicenters 
>M6.0.  EQSEARCH  contains  an  abbreviated  version  of  the 
CDMG  earthquake  catalog  for  California,  supplemented  by 
data  from  Townley  and  Allen  (1939).  The  catalog  accessed 
by  EQSEARCH  lists  only  CDMG  events  since  1800. 

Epicenters  were  plotted  by  computer  and  superimposed 
over  a  fault  map  (Pampeyan,  1979)  to  produce  the  epicenter 
-  fault  map  shown  on  Figure  2.  Large  earthquakes  have 
historically  occurred  well  to  the  west  of  Brentwood.  Our 
search  encountered  no  earthquake  epicenters  larger  than 
M6.0  from  nearby  sources  within  15  miles  of  the  Brentwood 
study  area.  The  largest  and  second  largest  earthquakes 
recorded  within  15  miles  of  the  study  area  are  a  1889  M6.0 
event  near  Pittsburg,  and  the  1980  M5.9  event  on  the 
Greenville  fault.  The  latter  earthquake  occurred  approxi- 
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mately  10  miles  southwest  of  the  city  of  Brentwood. 
Earthquakes  within  the  study  area  (ten  miles  around 
Brentwood)  have  historically  measured  M4.9  or  less.  The 
nearest  significant  earthquakes  were  two  M4.0  events  on 
September  19  and  20,  1940.  These  earthquakes  do  not 
correlate  with  a  known  active  fault  and  may  be  associated 
with  a  Coast  Range/Great  Valley  boundary  source  (Wong 
and  Biggar,  1989). 

Of  the  local  faults,  only  the  Davis,  Vaqueros,  Brentwood 
and  Kellogg  faults  exhibit  a  correlation  with  our  plotted 
seismicity.  Based  on  the  plotted  epicenters,  these  faults  have 
historically  produced  earthquakes  of  magnitudes  &M4.5. 
Wong  and  Biggar  (1989)  report  both  lateral  and  normal 
displacements  on  the  local  faults  along  with  a  lack  of 
conclusive  Holocene  displacement.  The  Midland,  Camino 
Diablo,  Sherman  Island  and  Antioch  faults  show  little,  if 
any  correlation  with  epicenter  plots,  although  a  zone  of 
northwest  trending  epicenters  does  plot  north  and  west  of 
the  Antioch  fault  (Figure  2) 

SEISMIC  RECURRENCE  RATES 

A  general  seismic  risk  evaluation  can  be  made  by  fitting 
earthquake  occurrences  to  time  vs.  magnitude  curves.  The 
most  widely  used  form  of  recurrence  data  presentation  is  the 
Gutenberg-Richter  log-linear  relation,  Log  N  =  a-bM, 


perhaps  with  some  modification  at  both  low  and  high 
magnitudes.  In  this  relation,  N  is  the  annual  number  of 
events  of  magnitude  greater  than  M,  and  b  is  a  regional 
value  (b-value).  We  have  obtained  an  earthquake  recurrence 
equation  with  the  form  Log  N  =  2.661  -  0.632M  for  earth- 
quake recurrence  within  a  100-mile  radius  of  Brentwood. 
We  use  the  exponential  recurrence  model  here  for  the 
purpose  of  obtaining  a  broad  generalization  of  overall 
earthquake  activity  affecting  the  Brentwood  study  region. 
From  this  relation  one  moderate  to  large  earthquake 
(>M6.0)  has  a  possibility  of  occurring  every  14  years,  and 
earthquakes  in  the  Ml. 5  -  6.0  range  can  be  estimated  to 
occur  once  a  year  to  once  every  14  years  within  100  miles 
of  Brentwood. 

GROUND  MOTION  AMPLITUDES 

The  most  common  value  used  by  earthquake  engineers  to 
scale  ground  motions  is  peak  ground  acceleration.  Due  to 
problems  encountered  when  applying  peak  ground  accelera- 
tion to  observed  damage,  other  estimates  of  ground  motion 
have  been  suggested,  such  as  90  percent  peak  acceleration 
or  maximum  acceleration  discounting  high  frequencies  that 
do  not  affect  sizable  structures.  These  "effective  peak 
accelerations"  indicate  ground  motions  that  relate  more 
closely  to  structural  response. 


Table  1.   Estimated  possible  accelerations  from  maximum  probable  earthquakes. 


Estimated  Accelerations 

(various  Attenuation  Relations)  at  Brentwood  - 

-  So/7  Conditions 

Selected  Regional 

Magnitude 

Epicentral 

Estimated  Accelerations  -  peak  horizontal 

RGHA  Site 

Active  Faults  or 
Earthquake  Source  Areas 

MPE 

Distance 
(mi.) 

(g) 

Accel,  (g)* 

1 

2 

3 

4 

5 

Avg. 

Coast  Range/Great  Valley 

6.5 

1 

0.30 

0.39 

0.75 

0.45 

0.44 

.47 

0.30 

Antioch/Davis  Area 

5.8 

3 

0.20 

0.24 

0.35 

0.26 

0.19 

.25 

0.16 

Calaveras 

7.0 

18 

0.15 

0.13 

0.24 

0.15 

0.15 

.16 

0.10 

Concord 

5.7 

615 

0.08 

0.08 

0.14 

0.07 

0.09 

.09 

0.05 

Green  Valley 

6.2 

23 

0.07 

0.06 

0.13 

0.06 

0.08 

.08 

0.06 

Greenville 

6.0 

11 

0.13 

0.13 

0.21 

0.13 

0.14 

.15 

0.10 

Hayward 

7.0 

28 

0.10 

0.08 

0.17 

0.10 

0.11 

.11 

0.10 

Healdsburg-Rodgers  Creek 

6.4 

43 

0.04 

0.03 

0.08 

0.03 

0.04 

.04 

0.03 

Las  Positas 

4.5 

19 

0.03 

0.03 

0.06 

0.02 

0.03 

.03 

0.02 

Maacama 

7.0 

51 

0.05 

0.03 

0.09 

0.05 

0.06 

.06 

0.05 

San  Gregorio 

7.0 

51 

0.05 

0.03 

0.09 

0.05 

0.06 

.06 

0.05 

San  Andreas 

8.0 

46 

0.11 

0.07 

0.10 

0.11 

0.12 

.12 

0.11 

Sargent 

6.4 

56 

0.03 

0.02 

0.06 

0.02 

0.03 

.03 

0.03 

Sources  of  Attenuation  Relations:  Blake  (1989) 

1.  Campbell  (1981)  Unconstrained  -  mean  +  1  Sigma 

2.  Joyner  and  Boore  (1982)  Random  -  mean 

3.  Crouse  and  others  (1987)  -  mean  +  1  Sigma 

4.  *Sadigh  and  others  (1987)  -  mean 

5.  Idriss  (1987)  -  mean 


Site  Coordinates: 
Latitude:  37. 9N 
Longitude:  121.7W 
Search  Radius:  100  miles 
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Table  2.   Maximum  accelerations  from  historical  earthquakes  -  Brentwood,  California. 


E.Q.  Name 

Lat.  North 
West 

Long. 

Date 

Earthquake 
Magnitude 

Peak  Site 
Acceleration  (g)* 

Distance  (mi.) 

Brentwood 

37.9 

121.7 

9/19  &  20/1940 

4.0 

0.29 

1 

Greenville 

37.8 

121.8 

1/24/1980 

5.8 

0.15 

8 

San  Francisco 

37.7 

122.5 

4/18/1906 

8.3 

0.13 

46 

Antioch-Pittsburg 

38.0 

121.9 

5/19/1889 

6.0 

0.11 

13 

Vacaville 

38.3 

122.0 

4/19/1892 

6.4 

0.09 

28 

Loma  Prieta 

37.8 

121.9 

10/18/1989 

7.0 

0.04 

60 

*Attenuation  relation  used:  Sadigh  and  others  (1987)  -  Mean 


For  this  study,  we  compared  acceleration  attenuation 
relations  developed  by  five  authors  (Table  1)  to  determine 
the  most  appropriate  relation  for  our  use.  We  compared  the 
peak  horizontal  accelerations  at  the  city  of  Brentwood  using 
each  attenuation  relation.  For  the  study  area,  attenuation 
relationships  developed  by  Sadigh  and  others  (1987)  were 
chosen  to  estimate  maximum  probable  peak  horizontal 
bedrock  accelerations.  Sadigh  and  others  (1987)  developed 
equations  for  acceleration  using  data  from  the  Western 
United  States  supplemented  by  records  of  events  worldwide 
for  strike-slip  earthquakes.  Acknowledging  the  usefulness 
of  "effective  peak  acceleration"  (RHGA),  we  also  used 
attenuation  relationships  developed  by  Ploessel  and  Slossen 
(1974)  after  the  1971  San  Fernando  earthquake  and  provide 
a  comparison  of  both  "peak"  and  "effective  peak"  accelera- 
tions (Table  1).  The  listed  accelerations  are  based  on  soil 
conditions,  not  bedrock.  The  calculated  maximum  probable 
peak  acceleration  in  the  Brentwood  study  region  from 
active  sources  listed  in  Table  1  is  0.45g  (Sadigh  and  others, 
1987),  anticipated  from  a  magnitude  6.5  earthquake  event 
on  a  source  near  the  Coast  Range/Great  Valley  boundary. 
The  calculated  effective  peak  acceleration  (RHGA)  in  the 
Brentwood  region  from  a  maximum  probable  event  near  the 
Coast  Range/Great  Valley  boundary  is  0.30g. 


We  also  undertook  a  computer  search  for  the  largest 
historical  peak  accelerations  experienced  to  date  at 
Brentwood.  The  results  are  summarized  in  Table  2.  The 
largest  historical  acceleration  is  0.29g  and  occurred  in  1940 
from  two  M4.0  earthquakes  within  one  mile  of  Brentwood. 
All  historical  earthquakes  unlisted  in  Table  2  produced 
calculated  peak  horizontal  accelerations  of  less  than  O.lg  at 
Brentwood. 

SUMMARY  AND  CONCLUSIONS 

Review  of  the  seismological  and  geological  data  indicates 
that  the  seismic  hazard  in  the  Brentwood  region  is  predomi- 
nantly from  nearby,  moderate  sized,  earthquake  events.  The 
nearest  earthquake  source  is  the  Coast  Range/Great  Valley 
boundary.  Nearby  events  produce  earthquake  accelerations 
in  Brentwood  which  are  greater  than  those  attenuated  after 
traveling  from  large  but  distant  events.  Seismic  ground 
accelerations  from  all  regional  earthquake  events  within  a 
100-mile  radius  of  the  study  region  are  generally  not 
expected  to  exceed  0.45g  (peak)  or  0.3g  (effective)  within 
the  Brentwood  study  area.  Historically,  the  largest  ground 
acceleration  for  the  Brentwood  area  occurred  in  1940  from 
two  M4.0  earthquakes  attributed  to  the  Coast  Range/Great 
Valley  boundary  source. 
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Earthquake  Hazards  in  the  East  Bay: 
'no  prospect  of  an  end' 

By 
Patrick  McClellan1 

A  VERY  OLD  LESSON 

Two  hundred  years  ago  a  Scottish  naturalist  named  James  Hutton  published  some  remarkable  ideas 
about  the  earth  as  he  saw  it  from  the  Edinburgh  countryside.  These  ideas  and  his  astute  observations  that 
supported  them  became  the  foundation  for  the  modern  science  of  geology.  The  earth,  in  his  view,  was 
ever-changing.  Powered  by  some  internal  energy  source,  he  concluded,  the  planet  and  its  landscape  were 
driven  repeatedly  through  cycles  in  which  mountains  were  built  up,  and  then  torn  down,  as  if  by  so  many 
indecisive  contractors.  Hutton's  earth  was  also  very  old.  So  old,  in  fact,  that  in  its  repeated  cycles  of 
change  he  could  see  "no  vestige  of  a  beginning,  no  prospect  of  an  end." 

As  you  will  see  in  the  pages  that  follow,  today's  geologists  have  endowed  their  model  of  the  earth  with 
a  fragmented  shell  of  humongous  rocky  "plates" — slabs  of  crust  that  continually  move  and  meet,  and  in 
the  process  manufacture  our  mountains  and  volcanoes.  Their  earth  is  also  an  old  one,  roughly  4.6  billion 
years  old,  far  older  than  Hutton  could  have  imagined.  And  looking  back  as  far  as  the  past  permits,  they 
find  the  plates  have  never  ceased  to  moved. 

A  frequent,  and  normal,  consequence  of  this  endless  process  has  been  fractured  crust,  slipping  faults, 
and  earthquakes —  "earthquake  hazards."  Over  millions  of  years  a  fault  may  hang  up  its  spurs,  as  it 
were,  and  heal  and  become  harmless.  But  in  an  active  geologic  region  like  the  Bay  Area,  new  faults  will 
turn  up  nearby  and  take  the  place  of  the  old — and  the  earthquake  hazards,  like  Hutton's  cycles,  will  en- 
dure with  "no  prospect  of  an  end." 

EARTHQUAKE  HAZARDS  VS.  EARTHQUAKE  RISK 

While  we  call  them  hazards,  active  faults  and  earthquakes  by  themselves  threaten  no  one.  But  cover  them  with  concrete  and  as- 
phalt, surround  them  with  homes  and  hospitals,  and  cross  them  with  highways,  aqueducts,  and  fuel  pipelines,  and  we  create  an 
"earthquake  risk"—  a  potential  for  disaster,  a  probability  of  damage  or  injury  to  life  or  property  over  a  period  of  time. 

The  purpose  of  the  Second  Conference  on  Earthquake  Hazards  in  the  Eastern  San  Francisco  Bay  Area  (East  Bay  '92)  is  to  assem- 
ble and  share  the  knowledge  that  exists  today  about  active  faults  east  of  the  San  Francisco  Bay.  Earthquakes  on  these  faults  threaten 
communities  not  only  in  the  East  Bay  but  throughout  the  Bay  Area.  So  they  pose  an  earthquake  risk  to  us  all. 

This  pamphlet,  prepared  for  the  East  Bay  '92  Public  Forum,  will  show  that  the  Bay  Area's  geologic  hazards  from  faults  and 
earthquakes  cannot  be  changed  and  will  not  go  away.  But  while  we  cannot  change  these  hazards,  there  is  much  we  can  do  to  change 
our  earthquake  risk.  Indeed,  during  the  past  century  we  have  changed  this  risk  enormously — increased  it— simply  by  settling  here 
and  building  our  cities.  Before  it  gets  any  later,  we  must  reduce  this  earthquake  risk  by  making  our  homes,  schools,  and  office 
buildings,  and  our  government  facilities  as  safe  as  possible  from  the  impact  of  earthquakes  that  we  now  know  are  on  the  way. 

'Earthquake  Preparedness  Office,  City  of  San  Leandro,  835  East  14th  Street,  San  Leandro,  CA  94577 
Editor's  Note:  This  non-technical  overview  to  earthquake  hazard  and  risk  in  the  East  Bay  was  modified  from  a  pamphlet 
given  to  attendees  of  the  Public  Forum  presented  at  the  conference.  Panelists  at  the  forum  included:  Patrick  McClellan, 
City  of  San  Leandro  -  Chair;  William  R.  Cotton,  William  Cotton  and  Associates;  Edward  A.  Hay,  De  Anza  College;  and 
Jack  F.  Evernden,  Allan  G.  Lindh,  and  Carol  S.  Prentice,  U.S.  Geological  Survey. 
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The  Hayward  fault:  A  single  stitch  in  the  earth's 

plate  tectonic  fabric 

by 
Edward  A.  Hay1 

WEAVING  THE  FABRIC 

Plate  tectonics  is  a  recently  formulated  theory  that  describes  and  explains  how  the  earth  works.  The  model  earth  created  in  the 
image  of  this  theory  is  wrapped  in  a  rocky  outer  shell  some  35  to  60  miles  thick.  The  shell,  or  "lithosphere,"  is  broken  into 
about  a  dozen  huge  slabs  called  "plates,"  which  move  very  slowly  but  surely,  and  independently,  of  each  other.  Where  the 
plates  meet  at  their  margins,  geologists  believe,  their  interfering  edges  and  differing  motions  remodel  the  physical  features  of 
the  earth's  crust  and  govern  its  dynamic  processes.  These  plate  interactions  explain  most  of  our  planet's  "tectonics"  (large- 
scale  earth  movements),  such  as  mountain-building,  volcanic  eruptions,  and  earthquakes.  Today,  the  two  largest  plates  in  our 
part  of  the  northern  hemisphere  are  the  Pacific  and  North  American  plates.  The  common  boundary  where  they  meet  in  Califor- 
nia is  called  the  San  Andreas  fault  zone. 

Point  1:  The  earth  is  wrapped  in  a  rocky  outer  shell  that's  broken  into  about  a  dozen  huge,  "plate-like"  slabs.  These 
hard,  rigid  plates  move  slowly  over  the  earth's  interior,  and  where  they  grind  past  each  other  —  mountains  and 
earthquakes,  and  in  some  places  volcanoes,  result. 

Point  2:  Two  of  the  largest  plates  are  the  Pacific  and  the  North  American  plates.  They  slip  slowly  past  each  other 
along  a  common  boundary  in  California  that  we  call  the  San  Andreas  fault  zone. 

The  boundary  zones  where  these  moving  plates  touch  manifest  a  distinctive  topography  and  monopolize  the  world's  produc- 
tion of  earthquakes.  Geologists  recognize  just  three  principal  kinds  of  plate  boundaries: 

•  Subduction  zones,  where  two  plates  converge  and  press  against  each  other,  with  one  being  shoved  downward  beneath 
the  other 

•  Spreading  ridges,  where  two  plates  diverge  and  pull  apart,  and 

•  Transform  faults,  where  two  plates  shear  horizontally  past  each  other,  with  little  compression  or  pulling  apart. 

A  Stitch  at  the  Seam 

The  Hayward  fault  is  an  example  of  a  transform  boundary  fault.  Side  by  side  with  the  nearby  San  Andreas  fault  along  the  San 
Francisco  Peninsula,  the  San  Gregorio  fault  just  off  the  coast,  and  the  Calaveras  fault  a  few  miles  to  the  east,  the  Hayward  fault 
is  a  major  strand  in  the  transform  fault  zone  at  the  seam  between  the  Pacific  and  the  North  American  plates.  Roughly  parallel  to 
California's  central  coast,  these  faults  produce  most  of  the  region's  earthquakes,  and  do  so  in  like  fashion.  In  an  earthquake  on 
one  of  them,  an  observer  (you)  would  see  one  side  of  the  fault  slip  laterally,  to  the  right,  past  the  side  your  standing  on.  (No,  it 
doesn't  matter  which  side  you  stand  on.) 

This  "right-lateral  slip"  taking  place  on  faults  between  the  North  American  plate  and  its  partner  to  the  west  is  a  relatively 
recent  style  of  movement  for  western  North  America,  from  the  perspective  of  geological  history.  Ten  or  fifteen  million  years 
ago  the  plates  along  the  west  coast  met  not  at  a  transform,  but  at  a  subduction  zone,  where  rocks  along  the  edge  of  the  continent 
were  pushed  over,  under  and  into  each  other  (typically  along  "thrust"  faults,  rather  than  right-lateral  faults).  At  that  time,  an 
older  plate  to  the  west,  geologists  call  it  the  Farallon  plate  (it's  long  gone),  converged  against  the  North  American  plate  and 
descended  beneath  it.  The  Pacific  plate,  then  also  approaching  the  west  coast  subduction  zone,  trailed  the  Farallon  plate  and 
shared  with  it  a  boundary  of  the  third  kind  noted  above  -  a  spreading  ridge. 

About  10  million  years  ago  this  spreading  ridge  between  the  two  plates  arrived  at  the  west  coast  subduction  zone,  and  a 
special  interplay  ensued  between  the  spreading  and  subduction  processes.  The  result  of  this  interaction  was  a  transformation  of 
the  North  American  and  Farallon  plate  boundary,  into  a  direct  contact  between  the  North  American  and  Pacific  plates.  That 
new  boundary  —  the  transform  fault  that  remains  today  between  the  North  American  and  Pacific  plates  —  is  the  San  Andreas 
fault.  And  with  it  began  the  right-lateral  style  of  fault  slip  that  today  generates  most  of  the  earthquakes  in  central  California. 

'Geology  Department,  De  Anza  College,  Cupertino,  CA 
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Prominent  Threads  —  Dangerous  Faults 

In  the  millions  of  years  since  they  first  met,  the  North  American  and  Pacific  plates  at  this  transform  boundary  have  been 
grinding  horizontally  past  each  other,  tearing  their  edges  where  they've  rubbed,  and  generating  earthquakes  with  every  jerk. 
Today,  the  frayed  edges  of  plates  form  a  zone  that  spans  the  entire  Bay  Area.  And  several  of  the  tears  have  lengthened  to 
become  dangerous  faults  in  their  own  right:  the  Calaveras,  Hayward  and  San  Gregorio  faults.  With  the  San  Andreas  these  faults 
thread  prominently  through  the  region's  plate  tectonic  fabric  —  and  form  the  Bay  Area's  principal  earthquake  hazards. 

Point  3:  Several  lengthy  tears  along  the  edges  of  these  plates  are  dangerous  faults  in  their  own  right  —  the  Calaveras 
and  the  Hayward  faults  in  the  East  Bay  and  the  San  Gregorio  fault  along  the  coast  just  offshore.  Together  with  the 
most  important  fault,  the  San  Andreas,  these  faults  form  the  Bay  Area's  principal  earthquake  hazards. 

Together,  these  faults  and  other  smaller  ones  distribute  among  them  the  right-lateral  slip  that  accumulates  during  the  passage 
of  the  North  American  and  Pacific  plates.  If  we  add  up  the  rates  of  right-lateral  slip  on  each  fault  in  this  boundary  zone,  the 
total  is  nearly  two  inches  per  year,  which  is  how  fast  the  Pacific  plate  is  transporting  coastal  southern  California  (west  of  the 
boundary)  toward  the  Bay  Area.  Alarmingly,  it  looks  as  if  in  just  12  million  years  we  will  become  a  suburb  of  Los  Angeles! 


East  Bay  Earthquakes  in  a  Regional  Context: 
Historical  and  Prehistoric 

by 

East  Bay  '92  Public  Forum  Subcommittee 

Carol  S.  Prentice1,  Panelist 


HISTORICAL  EARTHQUAKES  IN  THE  BAY  AREA 

Two  important  points  are  central  to  any  discussion  of  historical  and  prehistoric  earthquakes  in  the  Bay  Area: 

Point  1.  Many  more  earthquakes  of  destructive  force  occurred  in  the  Bay  region  during  the  19th  century  (up  to  1906) 
than  we  have  experienced  since  in  the  20th  century. 

Point  2.  Information  about  prehistoric  earthquakes  in  the  Bay  Area  is  exceedingly  sparse  —  before  we  can  hope  to  find 
predictable  patterns  of  damaging  earthquakes  in  our  communities,  many  more  geologic  studies  of  the  Bay  Area's 
active  faults  must  be  done. 

What  do  we  mean  by  "destructive  force"?  It  doesn't  take  a  magnitude  7.1  shock,  like  the  recent  Loma  Prieta  earthquake,  to 
destroy  buildings  in  the  Bay  Area.  In  1969,  a  magnitude  5.6  earthquake  damaged  much  of  downtown  Santa  Rosa.  Old  buildings 
that  are  poorly  designed  or  built,  or  both,  can  be  damaged  by  these  moderate  size  earthquakes.  So,  for  this  historical  discussion,  any 
earthquake  larger  than  about  magnitude  6  will  be  considered  a  "destructive"  earthquake,  whether  or  not  there  were  any  buildings 
around  to  actually  be  destroyed. 

At  least  seven  earthquakes  of  about  magnitude  6.5  or  greater  occurred  in  the  Bay  Area  during  the  70  years  from  1836  and  1906. 
After  1906  only  one  as  large  as  these  occurred  in  the  Bay  Area  (191 1),  until  the  Loma  Prieta  earthquake  struck  in  1989.  The  history 
of  smaller  destructive  shocks  cannot  be  traced  reliably  back  beyond  about  1850,  but  in  the  half  century  after  1850  at  least  10  more 
earthquakes  of  about  magnitude  6.0  to  6.5  shook  the  Bay  Area.  In  the  20th  century  only  three  in  this  magnitude  range  have  occurred 
—  all  late  in  the  century  —  in  1979,  1980  and  1984.  So,  another  important  point  is: 

Point  3:  For  nearly  three-fourths  of  the  20th  Century,  the  Bay  Area's  blanket  of  buildings,  highways  and  humanity  spread  from 
the  bay  mud  to  the  mountain-sides  virtually  without  the  instructive  experience  of  a  destructive  earthquake. 

There  is  no  reason  to  expect  that  this  seismic  calm  will  continue.  In  fact,  there  is  reason  to  suspect  that  it  has  ended  and  that 
destructive  earthquakes  may  occur  more  frequently  as  we  move  through  the  1990s  into  the  next  century. 

1U.S.  Geological  Survey,  345  Middlefield  Road,  MS  977,  Menlo  Park,  CA 
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Prehistoric  Earthquakes 

The  Bay  Area's  historical  record  is  very  short  compared  to  the  time  intervals  between  damaging  earthquakes  along  our  active 
faults.  For  this  reason,  it  is  vitally  important  to  study  the  prehistoric  record  of  large  earthquakes  —  that  is,  the  geologic  history  of 
earthquakes  preserved  in  the  details  of  ruptured  sediment  layers,  which  geologists  reveal  when  they  excavate  trenches  across  these 
faults.  Unfortunately,  however,  few  such  detailed  studies  have  been  done  yet  in  the  Bay  Area  that  have  shed  much  light  on  the 
timing  of  the  destructive  earthquakes  in  our  prehistoric  past. 

Only  a  few  studies  have  yielded  information  about  prehistoric  earthquakes  on  faults  in  the  East  Bay  area:  two  studies  are  under- 
way on  the  Hayward  fault  and  its  northern  extension,  the  Rodgers  Creek  fault.  These  studies  are  still  in  progress.  In  addition,  geolo- 
gists are  now  exploring  the  Calaveras  fault  for  details  of  its  ancient  earthquake  record.  Along  the  San  Andreas  fault  several  fault- 
trenching  studies  are  also  underway  or  have  been  completed.  Results  of  these  and  future  studies  will  increase  our  understanding  of 
the  pattern  of  earthquake  occurrence  in  the  Bay  Region. 

Not  the  Conclusion 

The  San  Andreas  fault  zone  is  the  boundary  between  the  Pacific  and  North  American  plates.  As  these  plates  slide  past  each  other, 
stress  builds  up  in  the  rocks  along  the  fault,  and  is  released  during  earthquakes.  The  return  of  destructive  earthquakes  to  the  Bay 
Area  in  recent  years,  like  the  many  damaging  earthquakes  in  the  last  century  that  ended  with  the  great  shock  in  1906,  may  signal  a 
maturing  stage  in  the  cycle  of  strain  buildup  along  the  plate  boundary  here  —  the  crackle  and  pop  of  the  tree  limb  before  it  finally 
snaps  under  your  weight.  Before  we  can  confidently  project  this  on-going  pattern  to  its  ultimate  conclusion,  or  even  test  the  hypoth- 
esis that  a  seismic  cycle  exists,  we  simply  need  more  information  about  prehistoric  earthquakes  along  the  Bay  Area's  active  faults. 
In  the  mean  time,  this  much  can  be  stated  with  confidence: 

Point  4:  Bay  Area  history  shows  us  that  destructive  earthquakes  were  much  more  common  in  the  19th  century  than  they  have 
been  so  far  in  the  20th  century.  Our  wisest  response  to  this  fact  is  to  prepare  for  the  possibility  of  more  frequent  damaging 
earthquakes  in  the  decades  to  come. 
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East  Bay  Earthquakes:  Future  Probabilities 
&  the  Bay  Area  Future  Earthquakes  Project 

by 
U.S.  Geological  Survey1  and  the  East  Bay  '92  Public  Forum  Subcommittee 

Allan  G.  Lindh2,  Panelist 

CONCLUSIONS  OF  A  PANEL  OF  EXPERTS 

In  1987,  the  National  Earthquake  Prediction  Evaluation  Council  convened  a  panel  of  experts  for  the  first  time  to  evaluate  the 
likelihood  for  future  earthquakes  in  California.  In  a  report  published  in  1988,  this  working  group  concluded  that  there  was  a 
50  percent  probability  for  an  earthquake  of  magnitude  7  or  larger  within  the  San  Francisco  Bay  area  in  30  years  or  less.  The 
panel  also  said  there  was  a  30  percent  probability  for  a  6.5  to  7  magnitude  earthquake  in  the  Santa  Cruz  Mountains  within  30 
years.  This  was  the  highest  probability  they  assigned  to  any  single  fault  segment  in  the  Bay  Area.  The  7.1  Loma  Prieta  earth- 
quake struck  in  the  Santa  Cruz  Mountains  only  one  year  later  in  1989. 

After  the  Loma  Prieta  earthquake,  the  panel  of  experts  was  again  convened  to  determine  whether  they  should  change  the 
estimate  of  the  probabilities  of  future  large  earthquakes  in  the  San  Francisco  Bay  Area  because  of  the  recent  shock  and  other 
new  data.  Their  report,  issued  in  July  1990,  was  endorsed  by  the  National  Earthquake  Prediction  Evaluation  Council  and  the 
California  Earthquake  Prediction  Evaluation  Council.  In  this  report,  the  panel  identified  four  fault  segments  in  the  Bay  Area 
along  which  they  believe  large  earthquakes  are  now  most  likely: 

•  the  peninsula  segment  of  the  San  Andreas  fault  between  Los  Gatos  and  Hillsborough 

•  the  Hayward  fault  between  Fremont  and  San  Leandro  (southern  Hayward  fault) 

•  the  Hayward  fault  between  San  Leandro  and  San  Pablo  Bay  (northern  Hayward  fault) 

•  the  Rodgers  Creek  fault  between  San  Pablo  Bay  and  Santa  Rosa. 

These  experts  estimated  that  the  probability  is  about  25  percent  for  a  large  earthquake  on  each  one  of  these  fault  segments 
within  30  years.  More  importantly,  when  the  probabilities  of  earthquakes  on  all  of  these  segments  are  combined  mathemati- 
cally, there  is  a  67  percent  chance  for  at  least  one  earthquake  of  magnitude  7  or  larger  in  the  San  Francisco  Bay  Area  between 
1990  and  2020.  This  new  estimate  of  seismic  risk  is  up  sharply  —  by  over  one-third  —  from  the  50  percent  level  of  risk  that 
was  estimated  shortly  before  the  Loma  Prieta  earthquake. 

For  just  the  Hayward  fault,  which  cuts  through  the  heart  of  the  metropolitan  East  Bay,  the  probability  for  a  magnitude  7 
shock  on  either  the  northern  segment  or  the  southern  segment  is  45  percent  —  or  about  even  odds  —  the  highest  probability 
assigned  to  any  fault  in  the  Bay  Area. 

Point  1:  In  the  metropolitan  Bay  Area,  the  chance  of  one  or  more  magnitude  7  earthquakes,  like  the  Loma  Prieta  shock, 
during  the  next  30  years  is  high  —  67  percent  —  and  has  risen  sharply  since  the  1989  disaster.  Most  of  that  risk  is 
due  to  the  high  likelihood  of  a  major  earthquake  along  the  Hayward  fault  in  the  East  Bay. 

Such  an  earthquake  could  strike  at  any  time,  including  today.  The  earthquakes  on  these  fault  segments  are  likely  to  be  of 
magnitude  7.  If  two  segments  slip  during  the  same  earthquake,  for  example  along  the  Hayward  fault,  then  the  anticipated 
magnitude  could  be  as  large  as  7.5.  Earthquakes  of  magnitude  7  are  considered  possible,  but  not  as  likely,  on  other  Bay  Area 
faults.  In  the  mean  time,  numerous  earthquakes  with  magnitudes  of  about  6  are  also  likely,  and  these  could  also  cause  signifi- 
cant damage,  especially  near  their  epicenters. 


'From  The  Next  Big  Earthquake  in  the  Bay  Area  May  Come  Sooner  than  You  Think,  1990,  prepared  by  the  U.S.  Geological 
Survey,  in  cooperation  with  10  other  governmental,  professional,  and  disaster  relief  agencies;  Probabilities  of  Large 
Earthquakes  in  the  San  Francisco  Bay  Region,  California,  1990,  by  the  Working  Group  on  California  Earthquake  Probabilities 
(WGCEP),  U.  S.  Geological  Survey  Circular  1053;  and  The  Bay  Area  Future  Earthquakes  Project  (BAFEP),  by  W.H.  Bakun, 
1992,  in  Galehouse,  J.S.,  ed.,  Second  Conference  on  Earthquake  Hazards  in  the  Eastern  San  Francisco  Bay  Area  —  Program 
and  Abstracts  Volume,  p.  7.,  and  this  volume,  p.  427. 
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Each  of  the  magnitude  7  events  can  cause  much  more  damage  than  the  earthquake  of  October  17,  1989,  because  each  will  be 
located  closer  to  densely  populated  areas.  Compared  to  the  shaking  experienced  in  1989,  earthquakes  on  the  fault  segments 
bordering  the  Bay  are  likely  to  cause  shaking  in  adjacent  cities  that  will  be  from  5  to  12  times  greater  than  was  felt  there  in  the 
Loma  Prieta  earthquake.  Even  in  cities  across  the  Bay  from  the  faults,  shaking  from  earthquakes  on  these  segments  is  likely  to 
be  from  2  to  5  times  greater  than  in  1989. 

Point  2.  East  Bay  earthquakes  are  not  just  the  East  Bay's  problems.  Likewise,  East  Bay  cities  are  threatened  by  large 
earthquakes  on  the  San  Francisco  Peninsula  —  a  magnitude  7  event  on  the  Peninsula  is  likely  to  shake  East  Bay 
communities  several  times  harder  than  they  shook  in  1989. 

67  Percent:  A  Minimum  Estimate  of  Our  Earthquake  Risk 

Some  scientists  believe  the  67  percent  probability  estimate  for  the  Bay  Area  may  be  too  low.  They  have  noted  several 
instances  of  pairs  of  earthquakes  of  magnitude  6.5  or  larger  in  northern  California,  and  they  are  concerned  that  the  Loma  Prieta 
earthquake  could  be  the  first  quake  of  such  a  pair.  An  earthquake  in  1865,  similar  to  the  earthquake  of  October  17,  1989,  was 
followed  3  years  later  in  1868  by  a  major  earthquake  on  the  Hayward  fault.  Other  pairs  struck  in  1836  and  1838,  in  1892  and 
1898,  and  in  1906  and  1911.  Scientist  do  not  understand  the  reason  for  such  pairing,  which  may  be  due  only  to  random  chance. 

Scientists  are  also  concerned  over  an  increase  in  the  number  of  magnitude  5  earthquakes  along  the  southern  part  of  the 
Calaveras  fault  east  of  San  Jose  since  1979,  and  their  migration  northward  toward  the  Hayward  fault.  A  similar  pattern  of 
activity  apparently  preceded  the  Hayward  fault  earthquake  of  1868. 

In  addition,  Bay  Area  history  shows  that  earthquakes  here  can  cluster  in  time.  There  were  18  earthquakes  of  magnitude  6  or 
larger  in  the  region  during  the  7  decades  before  the  1906  earthquake,  and  just  one  in  the  7  decades  after.  But  since  1979,  there 
have  been  4  earthquakes  of  magnitude  6  or  larger,  leading  up  to  the  7.1  Loma  Prieta  earthquake.  If  the  region  is  now  in  a 
cluster  of  earthquakes  like  that  before  1906,  then  the  chance  of  a  magnitude  7  earthquake  in  the  next  3  decades  is  about  75 
percent. 

The  67  percent  probability  does  not  include  these  additional  pieces  of  information.  Nor  does  it  include  the  information 
suggesting  that  other  fault  segments  in  northern  California  might  also  be  capable  of  producing  large  earthquakes.  Therefore  it 
seems  prudent  to  consider  the  67  percent  chance  of  a  large  Bay  Area  earthquake  within  the  next  30  years  as  a  minimum 
estimate. 

Point  3:  The  high  probability  of  67  percent  over  the  next  30  years  for  a  magnitude  7  earthquake  should  be  considered 
a  minimum  estimate  of  earthquake  risk  in  the  Bay  Area.  This  is  because  it  does  not  include  the  additional  evidence 
of  historical  earthquake  pairing,  recent  earthquakes  along  the  Calaveras  fault  that  have  migrated  northward  toward 
the  Hayward  fault,  the  possibility  that  the  region  is  now  in  an  earthquake  cluster  pattern,  and  the  potential  of  other 
Bay  Area  faults  for  producing  large  earthquakes  —  all  of  which,  while  not  well  understood,  suggest  a  higher 
likelihood  for  future  large  earthquakes  in  the  Bay  Area. 

The  increase  in  estimated  probability  from  50  to  67  percent  between  1988  and  1990  was  not  because  of  the  Loma  Prieta 
earthquake.  The  increase  resulted  from  new  data  on  rates  of  strain  buildup  along  the  Hayward  fault  and  from  new  data  that 
showed  that  a  magnitude  7  earthquake  was  also  possible  along  the  Rodgers  Creek  fault. 

Ongoing  and  future  studies  are  likely  to  produce  additional  data  that  will  result  in  changes  in  probability  estimates,  and 
details  about  calculated  probabilities  are  still  being  debated  by  scientists.  The  major  conclusions  reached  by  the  working  group, 
however,  are  not  likely  to  change.  The  most  important  point  is: 

Point  4.  You  and  your  neighbors  can  —  and  should  —  take  actions  now  to  reduce  the  amount  of  damage  and  the  number 
of  deaths  that  are  likely  to  result  from  these  future  major  earthquakes. 

The  Bay  Area  Future  Earthquakes  Project 

Of  particular  concern  to  the  East  Bay  is  the  working  group's  estimate  of  a  45  percent  chance  of  a  magnitude  7  earthquake  on 
either  the  northern  or  the  southern  segment  of  the  Hayward  fault  in  the  next  30  years.  In  order  to  better  address  the  needs  for 
seismic  hazard  reduction  in  the  Bay  Area,  the  U.S.  Geological  Survey  (USGS)  established  the  Bay  Area  Future  Earthquakes 
Project  (BAFEP)  in  1990.  The  goals  of  BAFEP  are  to  reduce  the  loss  of  life,  the  human  suffering,  and  the  economic  losses  in 
future  Bay  Area  earthquakes,  and  to  improve  the  understanding  of  earthquake  processes  and  earthquake  effects  so  as  to  provide 
a  firmer  basis  for  earthquake  hazard  reduction  activities  nationwide. 
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BAFEP  addresses  these  goals  by  sponsoring  about  20  projects  within  the  USGS  and  about  20  projects  through  the  USGS 
external  grants  and  contracts  program.  These  projects  encompass  a  wide  range  of  activities  to  improve  our  understanding  of 
how  earthquakes  happen,  the  earthquake  potential  of  the  Bay  Area,  the  effects  of  Bay  Area  earthquakes,  and  the  utilization  of 
research  results  in  hazard  mitigation  activities.  Many  of  these  BAFEP  projects  are  outlined  below. 

In  the  East  Bay,  a  densely-clustered  network  of  seismic  instruments  is  being  installed  along  the  southern  section  of  the 
Hayward  fault  near  San  Leandro  where  the  1868  shock  occurred.  The  San  Leandro  instrument  cluster  will  include  over  a  dozen 
seismic  monitors  placed  within  1  to  3  miles  of  the  fault  in  wells  at  depths  of  500  to  950  feet.  Devices  to  monitor  water  levels 
will  be  installed  at  several  sites  in  the  stream-laid  sediments  west  of  the  fault.  Three  instruments  to  monitor  the  slow,  but 
continual  slippage  of  the  Hayward  fault  will  be  placed  across  the  active  fault  trace.  Another  system  to  keep  track  of  the  fault's 
movements  is  a  wide  network  of  survey  lines  crossing  the  fault  that  will  be  precisely  measured,  both  periodically  and  continu- 
ously, with  extremely  accurate  Global  Positioning  System  (GPS)  satellite  navigation  receivers. 

Geologic  field  studies  along  the  Hayward  and  Calaveras  faults  by  federal,  state,  university,  and  private  industry  groups  are  in 
progress.  Trenches  across  the  active  traces  of  these  faults  will  extend  our  knowledge  of  prehistoric  earthquakes  and  long-term 
slip  rate,  leading  to  better  estimates  of  the  likelihood  of  future  damaging  shocks.  The  subsurface  deposits  in  the  East  Bay  are 
also  being  studied  to  understand  the  extremes  of  ground-shaking  that  were  experienced  there  during  the  Loma  Prieta  earth- 
quake, and  to  better  anticipate  the  shaking  there  in  future  earthquakes. 


Predicting  the  Intensity  of  the 
Next  Large  Earthquake  in  your  Neighborhood 

by 

East  Bay  '92  Public  Forum  Subcommittee 
Jack  F.  Evernden1,  Panelist 

FACTORS  GOVERNING  EARTHQUAKE  INTENSITY 


An  earthquake's  destructiveness,  or  "intensity,"  at  a  site  in  your  community  is  related  to  many  factors.  Some  of  the  more 
important  ones  are: 

•  features  of  the  earthquake  source,  such  as  the  size  and  depth  of  the  fault  rupture  zone,  the  type  of  fault  slip,  and  the  amount 

of  seismic  energy  released  by  the  fault 

•  features  along  the  path  of  the  earthquake's  waves,  such  as  the  distance  the  seismic  waves  have  traveled  from  a  fault  to 

reach  your  area,  and  the  kinds  of  earth  materials  through  which  the  waves  have  passed 

•  features  at  the  site  being  shaken,  such  as  the  design  of  the  buildings,  the  quality  of  craftsmanship  and  materials  used  in  their 

construction,  and  shape  of  the  land  surface  (topography)  beneath  them. 

The  most  important  factor,  though,  seems  to  be  the  type  of  soil  at  the  site  where  the  earthquake  is  felt.  By  studying  how  the 
magnitudes  (see  box)  of  past  earthquakes  relate  to  the  geographic  distribution  of  intensities  that  the  earthquakes  produced, 
scientists  have  discovered  the  profound  influence  of  soil  type  on  how  hard  the  ground  shakes  in  an  earthquake. 

Generally,  firm  ground  such  as  hard  bedrock  experiences  the  weakest  shaking  in  an  earthquake,  while  loose  soils  experience 
the  strongest  shaking,  if  all  other  factors  are  the  same.  Adjacent  to  a  fault  rupture  zone,  the  shaking  intensities  on  the  Modified 
Mercalli  Scale  (see  box)  can  range  from  VII  on  bedrock  (little  or  no  damage  to  most  structures)  to  X  on  poor  ground  (extensive 
damage  to  many  structures). 

If  ground  shaking  is  strong  enough  it  can  cause  massive  ground  failure  and  permanent  deformation  in  some  soil  materials. 
One  lesson  learned  in  the  1989  Loma  Prieta  earthquake  was  that  such  ground  failure,  called  "liquefaction,"  can  be  triggered  at 
shaking  intensities  of  VII  or  less  in  soil  that  is  particularly  susceptible  (such  as  the  uncompacted  fill  beneath  San  Francisco's 
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Marina  neighborhood).  But  this  earthquake  also  demonstrated  that  carefully  engineered  soil,  such  as  at  Foster  City,  results  in  a 
greatly  reduced  possibility  of  ground  failure,  even  at  markedly  greater  levels  of  shaking  than  occurred  at  the  San  Francisco 
Marina. 


EARTHQUAKE  SIZE:   MAGNITUDE  VS.  INTENSITY 

The  size  of  an  earthquake  can  be  measured  in  two  ways,  by  a  "magnitude"  scale  and  by  a 
"intensity"  scale: 

Magnitude  is  a  way  of  ranking  earthquakes  according  to  the  size  of  the  ground  vibrations  they 
produce  (the  vibrations  are  recorded  by  instruments  called  seismographs),  or  a  ranking  of  earth- 
quakes by  the  amount  of  energy  they  release  at  the  fault.  Seismologists  use  different  kinds  of 
magnitude  scales  for  different  purposes  —  just  like  we  use  different  kinds  of  scales  to  measure 
distance  (yardsticks  and  metersticks)  —  but  whatever  scale  is  used,  each  earthquake  has  only 
one  magnitude  value.  (Each  trout  you  catch  can  have  but  one  length  when  you  hold  it  up  to  the 
ruler!) 

Intensity  is  a  way  of  ranking  earthquakes  according  to  how  severely  they  shook  the  ground 
and  things  on  it  (or  how  destructive  the  earthquakes  were  )  in  the  area  around  the  fault  rupture 
zone.  Seismic  waves  in  an  earthquake  lose  energy  as  they  spread  outward  from  their  source. 
Because  of  this,  stronger  shaking  (higher  intensity  values)  would  be  expected  to  cluster  closer  to 
the  fault  rupture  zone  and  weaker  shaking  (lower  intensities)  farther  away,  other  factors  being 
equal.  As  the  main  discussion  explains,  however,  other  factors  are  never  equal.  Local  ground 
conditions  upset  this  expected  pattern,  and  can  cause  strong  shaking  to  occur  on  poor  ground 
far  from  a  fault,  and  relatively  weak  shaking  on  bedrock  near  the  rupture  zone.  Many  other 
factors  also  help  to  determine  how  severely  a  site  will  be  shaken.  As  a  result,  observed  intensi- 
ties in  an  earthquake  may  differ  markedly  between  sites  even  within  the  same  neighborhood. 

One  scale  commonly  used  for  measuring  the  size  of  an  earthquake  by  its  intensity  is  the  Modi- 
fied Mercalli  Intensity  Scale.  It's  a  12-level  scale  that  has  been  used  for  about  60  years.  Nowa- 
days, level  IX  is  considered  to  be  the  highest  Modified  Mercalli  Intensity  that  describes  the  actual 
effects  of  ground  shaking  (the  higher  levels  apparently  reflect  permanent  ground  failure  rather 
than  increased  shaking). 

So,  it's  no  mystery.  Various  numbers  are  often  reported  for  the  "size"  of  the  same  earthquake 
because  different  scales  are  used  to  measure  it,  and  intensity  levels  differ  from  place  to  place. 


Computer  Software  Developed  for  Predicting  Intensities 

In  the  last  several  years,  a  growing  number  of  earth  science  agencies  in  the  Bay  Area  have  developed  computer  software  programs  that  can 
predict  the  intensities  of  ground  shaking  and  estimate  the  levels  of  structural  damage  that  a  community  will  suffer  in  future  earthquakes  on 
the  region's  faults  —  faults  across  the  Bay  from  you,  or  faults  right  beneath  your  city.  Hidden  in  these  programs  are  mathematical  equations 
that  combine  several  types  of  critical  information,  such  as: 

•  the  expected  size  of  a  fault's  rupture  zone 

•  the  distance  the  earthquake's  waves  will  travel  to  reach  your  area 

•  how  the  waves  will  lose  their  energy  as  they  travel  away  from  the  fault  (a  process  called  "attenuation"),  and 

•  the  responsiveness  of  the  soil  types  in  your  area  to  seismic  waves  of  different  energy  levels. 

One  of  these  software  tools,  developed  by  J.F.  Evemden  at  the  U.S.  Geological  Survey,  is  a  package  of  programs  that  can  be  installed 
easily  in  IBM-compatible  computers,  like  many  of  those  that  sit  on  desktops  in  today's  local  government  and  school  district  offices.  And, 
with  a  little  training  ("Which  menu  options  do  I  select?"),  the  software  can  be  easily  used  by  facility  managers,  emergency  responders,  and 
disaster  planners  who  have  no  knowledge  of  the  details  of  the  prediction  model,  but  who  arc  intensely  interested  in  its  predictions. 
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Predicting  Your  Own  Earthquake  Intensities 

For  predicting  the  intensities  of  a  future  earthquake,  the  Evemden  software  requires  two  additional  kinds  of  information:  (1)  a  base  map  of 
the  soil  types  in  your  area  (digitized  into  the  computer),  and  (2)  your  choice  of  a  "designer"  earthquake  and  the  fault  on  which  you  want  it  to 
happen  (selected  from  a  directory  of  pre-calculated  design  earthquakes).  For  subject  sites  within  the  greater  Bay  Area  the  soil  information  is 
already  available  on  disk,  for  areas  outside  the  Bay  Area  it  must  be  digitized  and  entered  into  the  computer.  After  the  user  selects  a  design 
earthquake,  the  software  calculates  the  expected  ground-motion  values  and  adjusts  them  appropriately  by  factoring  in  the  other  conditions  of 
source,  path  and  site.  The  product  is  a  colorful  map  showing  equal-intensity  areas  distributed  around  the  fault  rupture  zone,  and  clearly 
delivers  the  message  of  earthquake  risk. 

In  addition  to  predicting  Modified  Mercalli  Intensity  levels  in  your  design  earthquakes,  companion  programs  in  the  software  package  can 
predict  maximum  ground  acceleration  values,  losses  for  pre-1940  wood-frame  buildings,  losses  for  post-1940  wood-frame  buildings,  losses 
for  unreinforced  concrete  commercial  buildings,  and  losses  for  unreinforced  concrete  residential  buildings. 

Output  from  the  software  are  maps  of  the  Bay  Area  that  are  colored-coded  to  highlight  the  areas  where  the  different  intensities  and  damage 
levels  are  likely  to  be  experienced.  The  maps  are  displayed  on  the  computer  screen,  but  can  also  be  printed  with  a  color  plotter. 

TESTING  THE  MODEL 

The  ground-motion  prediction  model  in  the  Evemden  software  was  defined  on  the  basis  of  intensities  that  were  observed  in  the  1906  San 
Francisco  earthquake  and  in  the  1971  San  Fernando  earthquake.  This  model  accurately  predicted  intensities  and  other  elements  of  ground 
motion  that  were  observed  in  the  1989  Loma  Prieta  earthquake  and  in  the  1979  Imperial  Valley  Earthquake.  It  has  since  been  tested 
against  numerous  other  earthquakes,  both  in  the  USA  and  around  the  world,  and  has  predicted  observed  intensities  with  highly 
satisfactorily  results. 

Computer  programs  like  the  Evernden  software,  which  seek  to  predict  future  levels  of  earthquake  ground-shaking,  are 
intended  to  provide  average  values  for  planning  purposes,  not  site-specific  predictions  for  use  in  engineering  designs.  Never- 
theless, the  value  of  these  programs  in  reducing  earthquake  risk  is  clear,  and  leads  to  the  following: 

Point  1:  As  they  have  in  past  earthquakes,  dangerous  buildings  on  dangerous  ground  will  suffer  predictable  damage  in 
future  earthquakes;  with  software  tools  like  these,  vulnerable  structures  that  are  exposed  to  high  hazard  levels  can 
be  identified  now  and  closed  to  the  public  until  they  are  fixed  or  eliminated. 

Point  2:  Ignorance  is  no  longer  an  excuse  for  not  mitigating  earthquake  hazards  —  the  hazards  of  ground  shaking,  like 
those  of  surface  fault  rupture,  can  now  be  predicted  for  anyone  willing  to  find  out. 

Point  3:  Elected  officials  in  local  government  and  on  school  boards  who  are  ultimately  responsible  for  such  decisions, 
can  begin  now  to  reduce  the  earthquake  risk  in  their  jurisdictions  by  directing  their  CAO's  to  start  using  these 
available  new  software  tools  for  assessing  the  vulnerability  of  their  public  facilities  in  earthquakes. 
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What  can  be  done  at  the  local  level  — 
and  how  you  can  make  a  difference 

by 
William  R.  Cotton1 

Local  Scientists  Can  Improve  Their  Level  of  Earthquake  Risk  Communication 

The  store  of  information  about  our  region's  earthquake  hazards  is  growing  rapidly.  Each  major  earthquake  in  the  Bay  Area 
during  the  past  decade  has  yielded  new  and  valuable  data,  and  always  some  surprises,  for  the  region's  scientists  and  engineers. 
And  no  wonder.  During  this  brief  but  unique  interval,  central  California  has  witnessed  a  dramatic  jump  in  the  number,  and 
severity,  of  earthquakes  after  nearly  three-quarters  of  a  century  of  very  few  earthquakes  of  any  consequence. 

At  ring-side  for  this  ongoing  display  of  seismicity  have  been  the  Bay  Area's  geologists  and  seismologists,  struggling  to  keep 
pace  by  more  closely  mapping  and  monitoring  the  region's  faults  and  more  carefully  measuring  earthquake-caused  ground 
motions  than  ever  before.  To  be  sure,  the  learning  curve  in  this  earthquake  research  remains  steep.  But  the  research  advances  to 
new  heights,  it  seems,  each  time  the  ground  moves.  More  and  better  scrutiny  of  our  more  and  bigger  earthquakes  continues  to 
reveal  extremes  in  seismic  forces  never  before  observed,  and  new  twists  in  fault  behavior  not  previously  thought  possible. 

Like  the  discoveries  that  preceded  it,  this  new  earthquake  information  is  the  kind  we  cannot  afford  to  live  without.  Unfortu- 
nately, though,  too  many  Bay  Area  residents  and  policy-makers  continue  to  live  without  it.  Earth  scientists  are  getting  better  at 
communicating  earthquake  risk  information,  but  apparently  we  have  not  yet  gotten  good  enough. 

Good  risk  communication  is  one  of  the  most  vital  parts  of  the  earthquake  hazard  reduction  process.  This  fact  has  grown  so 
important  over  the  last  two  decades  that  geologists,  seismologists  and  engineers  can  no  longer  ignore  it.  It  may  sound  heretical. 
But  to  dramatically  reduce  the  risk  to  our  local  communities  from  the  next  catastrophic  earthquake,  we  do  not  need  to  conduct 
another  detailed  fault  study,  or  draft  a  new  and  improved  building  code  —  or  convene  another  earthquake  conference.  What  we 
do  need  to  do,  and  do  well,  is  clearly  communicate  to  the  Bay  Area's  residents  and  to  the  civic  leaders  elected  to  ensure  their 
safety  and  welfare,  the  wealth  of  geologic  hazard  information  that  we  presently  have  at  hand. 

Citizens  Should  Strongly  Support  Hazard  Mapping  and  Preparedness  Programs 

You  can  and  must  place  more  emphasis  on  projects  such  as  the  new  State  Seismic  Hazards  Mapping  Project,  which  went  into 
effect  on  April  1,  1991.  This  project  is  among  the  most  significant  pieces  of  legislation  enacted  after  the  Loma  Prieta  earth- 
quake. It  is  a  far-reaching  effort  to  delineate  areas  in  the  state  where  high  potential  exists  for  enhanced  ground  shaking, 
liquefaction,  earthquake-induced  landslides,  and  other  ground  failures,  which  collectively  account  for  most  earthquake  losses. 

You  also  should  further  support  and  take  advantage  of  programs  such  as  the  Bay  Area  Regional  Earthquake  Preparedness 
Project  (BAREPP).  This  is  an  agency  in  the  Governor's  Office  of  Emergency  Services  that  is  extremely  effective  in  translating 
and  disseminating  the  results  of  seismic  hazard  research  and  -  more  importantly  -  communicating  earthquake  preparedness 
information. 

Insist  on  Strong-Motion  Instruments:  Cheap  but  Extremely  Valuable  for 
Reducing  Your  Community's  Risk 

Especially  important  within  your  immediate  community,  you  must  encourage  your  local  government  officials  to  gather  and 
use  more  community-specific  geologic  and  seismic  data  to  guide  their  land-use  planning  decisions.  One  economical  source  of 
data  that  can  richly  reward  a  local  community  is  strong-motion  seismic  recording  instruments.  These  low-cost,  low-mainte- 
nance devices  sit  idle  for  months  or  years,  in  buildings  or  outside  areas,  lying  in  wait  for  the  next  earthquake  in  your  neighbor- 
hood. When  it  happens  the  device  is  triggered  into  life  and  precisely  records  how  a  building's  structure  or  the  soil  at  a  site 
responds  to  earthquake  forces. 

By  simply  installing  one  or  a  few  of  these  instruments  around  your  community,  especially  in  areas  where  large  developments  are  planned, 
valuable  seismic  data  can  be  obtained  that  will  define  the  level  of  risk  for  future  earthquake  shaking  on  these  sites.  This  kind  of  site-specific 
data  can  enable  your  local  officials  to  better  predict  the  distribution  of  damaging  earthquake  intensities  in  your  community,  adapt  general 
building  axles  to  your  local  soil  conditions,  and  improve  the  regulation  of  development  in  your  community's  high  hazard  areas. 

'William  Cotton  and  Associates,  330  Village  Lane,  Los  Gatos,  CA  95030 
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It  can  also  speed  the  review  of  development  permit  applications  and  guide  your  community's  planning  commission  and  city/town  council 
in  related  decision-making.  The  low  cost  of  these  instruments  becomes  trivial  when  compared  to  the  prevention  or  reduction  of  earthquake 
risk  that  this  kind  of  information  will  provide  for  your  community.  In  addition,  the  data  can  conserve  valuable  time  and  costs  for  your  local 
planning  and  building  officials  in  reviewing  development  projects  by  focusing  public  review  and  comment  about  seismic  issues  on  factual 
hazard  information. 

Local  Officials  and  Citizens  Alike  Can  Greatly  Reduce  their  Earthquake  Risk 
by  Supporting  Preparedness  in  their  Community 

After  the  great  San  Francisco  earthquake  in  1906  the  region's  faults  virtually  fell  silent  for  three-quarters  of  a  century.  So  did  our  policy 
makers,  with  few  exceptions,  on  the  issues  of  earthquakes  and  what  to  do  about  them.  Thanks  to  the  Loma  Prieta  earthquake  in  1989,  and 
the  Whittier  shock  two  years  earlier,  the  1989-90  Legislative  Session  sent  to  the  Governor  50  percent  more  bills  dealing  directly  with 
seismic  safety  issues  than  all  past  California  Governors  together  had  seen  since  the  1906  earthquake.  At  all  levels  of  government  it  seems 
the  only  politically  correct  time  to  approve  seismic  safety  laws,  ordinances,  and  programs  is  after  an  earthquake  disaster.  It's  no  state  secret 
—  preparing  for  earthquakes,  and  preventing  the  needless  deaths,  injuries  and  destruction  they  cause,  should  be  done  before  earthquakes 
strike!  Not  afterward,  when  you  can  least  afford  it,  while  you're  struggling  to  rebuild  your  damaged  homes,  businesses  and  government 
facilities. 

Citizens  should  encourage  their  civic  leaders  —  not  only  your  council  members  but  your  school  board  members,  too  —  to  support 
community  programs  and  projects  that  lessen  the  chances  that  an  earthquake  will  become  a  local  disaster.  Opportunities  here  are  wide- 
ranging.  You  can  start  by: 

•  requesting  more  earthquake  education  in  your  students'  curriculum,  or  stepped  up  emergency  response  training  of  their  school's 

staff  members 

•  pursuing  policies  in  community  government  and  local  businesses  that  will  reduce  the  likelihood  that  hazardous  materials  will 

contaminate  your  home,  schools  or  work  environment  during  an  earthquake 

•  demanding  proof  that  your  local  public  facilities  —  your  fire  stations,  city/town  hall,  schools,  etc.  —  are  safely  located  away 

from  hazards  such  as  active  fault  rupture,  unstable  soils  on  hillsides  or  at  the  Bay  margin,  or  other  high  hazard  zones  in  your 
community,  and  that  they  are  constructed  strongly  enough  to  survive  the  largest  earthquake  forecast  for  your  community  dur- 
ing the  lifetime  of  these  essential  buildings. 

Good  Risk  Communication:  A  Reprise 

Important  points  bear  restating.  "Good  risk  communication  is  vital."  The  greatest  difficulty  facing  geologists  and  engineers  is  clearly 
defining  the  risk  associated  with  a  natural  hazard,  and  then  communicating  the  risk  message  to  the  public  who  needs  the  information.  The 
seemingly  simple  risk  message  is  commonly  developed  by  the  technical  expert,  who  usually  describes  the  hazard,  the  risk,  and  the  risk- 
reduction  action.  And  then,  he  or  she  addresses  this  message  to  the  non-expert.  Most  risk  communicators  simply  do  not  do  a  good  job  of 
getting  their  message  across. 

Too  frequently  this  message  is  in  the  language  of  the  expert,  as  if  intended  for  kindred  experts.  On  issues  where  public  funds  are  to  be 
committed  for  reducing  earthquake  risk  (these  are  typically  costly  issues,  such  as  structural  retrofitting  of  a  facility),  it  is  the  duty  of  elected 
officials  to  review  and  approve  the  projects.  To  discharge  their  responsibility  properly,  elected  decision-makers  must  be  (and  again,  this  is 
no  state  secret)  receivers  of  the  expert's  message.  And  before  it  gets  to  them,  the  message  is  reviewed  by  other  city/town  staff  members 
who,  like  most  elected  officials,  are  not  geologists  or  engineers.  English  is  spoken  here.  This  situation  is  little  different  in  the  private  sector 
for  users  of  risk  information. 

Our  most  important  challenge  to  seismic  safety  today  remains  the  psychological,  social,  economic  and  political  impact  of  the  expert's  risk 
message.  The  best  geologist  of  the  1990's  will  not  be  the  one  who  has  studied  the  most  faults,  but  the  one  who  has  developed  the  best  social 
and  science  communication  skills. 

This  century's  last  decade  will  be  a  very  interesting  period  for  effective  community  hazard  reduction  programs.  Time  is  not  on  our  side  in 
dealing  with  the  earthquake  threat  in  the  Bay  Area.  We  cannot  wait  for  the  state  and  federal  government  to  legislate  and  implement 
protective  programs  for  us.  The  seismic  hazard  reduction  programs  that  have  proven  to  be  most  effective  are  local  programs  — 
programs  that  are  tailored  to  your  community's  needs,  that  specifically  address  your  community's  risks,  and  that  are  propelled 
and  steered  by  your  support  and  input.  To  properly  develop  these  programs  requires  that  geologists  become  skilled  risk 
communicators. 


568  DIVISION  OF  MINES  AND  GEOLOGY  SP  113 

A  'prospect  of  an  end'  —  to  earthquake  risk 

by 
East  Bay  '92  Public  Forum  Subcommittee 

EPILOGUE 

The  level  of  risk  from  a  given  hazard  may  be  estimated  in  different  ways.  Stated  in  very  simple  terms,  one  way  to  estimate 
the  level  of  risk  from  earthquake  hazards,  say,  for  your  home,  might  be  to  combine  the  following: 

•  your  opportunity  for  earthquake  damage  (How  often  are  large  earthquakes  expected  to  happen  near  my  home?)  with 

•  your  exposure  to  damaging  earthquake  forces  (How  strongly  will  the  ground  shake  while  I  own  the  deed?)  with 

•  your  susceptibility  to  damage  from  earthquake  shaking  (Is  my  home  bolted  to  the  foundation?) 

Risk  =  Opportunity  x  Exposure  x  Susceptibility.  In  the  Bay  Area,  where  earthquake  opportunity  abounds,  a  high  suscep- 
tibility generally  means  a  high  a  earthquake  risk  regardless  of  your  exposure. 

But  other  factors  are  also  important  in  determining  your  risk.  "Risk  =  Hazard  x  Outrage"  is  a  somewhat  facetious  equation 
that  has  been  suggested  to  express  this.  It  implies  there  is  no  perceived  risk,  even  for  an  extreme  hazard,  unless  the  public  is 
outraged  about  it.  More  seriously,  the  risk  will  be  there  —  but  you  won't  see  it  —  if  earthquake  hazards  do  threaten  your 
community  and  you're  not  aware  them. 

So,  the  other  important  factors  are  hazard  awareness  —  knowledge  about  the  faults  in  your  area,  and  how  they  work  and 
what  their  earthquakes  will  do  to  your  neighborhood,  and  hazard  identification  —  information  about  where  the  faults  are 
located,  and  about  their  earthquake  history  and  seismic  potential.  Once  you  have  assembled  all  these  factors  —  and  facts  — 
you  need  only  motivation  to  see  the  "prospect  of  an  end"  to  your  earthquake  risk.  While  we  do  not  recommend  outrage,  we 
strongly  advocate  serious  public  concern  about  reducing  the  earthquake  susceptibility  of  the  houses,  schools,  government 
facilities,  office  buildings,  and  other  vulnerable  structures  in  your  community. 

If  you've  read  this  far  then  you  know  all  the  factors  that  will  determine  your  earthquake  risk,  and  many  of  the  important  facts 
about  earthquake  hazards  in  the  San  Francisco  Bay  Area.  You  now  know: 

Hazard  Awareness 

•  how  the  earth  works 

•  how  the  Pacific  and  North  American  plates  move  and  meet,  and  bend  and  strain  at  their  sticking  edges  —  until  they 

suddenly  snap  past  each  other  causing  destructive  earthquakes 

•  how  they  have  done  so  for  the  last  5  to  10  million  years,  and 

•  how  this  process  will  surely  continue. 

Hazard  Identification 

•  that  our  active  faults  are  literally  as  old  as  the  hills 

•  that  their  cycles  of  destructive  earthquakes  can  be  traced  back  into  California's  prehistory  without  a  vestige  of  a 

beginning  (apologies  to  J.  Hutton) 

•  that  the  great  calm  before  the  Bay  Area's  ongoing  seismic  "storm"  rudely  ended  during  the  1980's,  and 

•  that  you  should  prepare  for  the  possibility  of  more  frequent  damaging  earthquakes  in  the  decades  to  come. 

Hazard  Opportunity 

•  that  this  "possibility"  includes  a  high  and  growing  probability  —  a  2  to  1  chance  —  that  one  or  more  earthquakes  as  large  as  the 

Loma  Prieta  shock  will  strike  within  the  Bay  Area's  urban  center  by  the  year  2020  (not  in  the  year  2020,  but  at  any  time  before 
2020) 

•  that  this  high  probability,  although  up  sharply  since  the  1989  earthquake,  is  a  minimum  estimate  (it  doesn't  include  some  pro- 

vocative but  poorly  understood  signs  that  the  next  big  earthquake  in  the  Bay  Area  may  come  sooner  than  you  think),  and 

•  that  the  Hayward  fault  in  the  East  Bay  has  the  highest  earthquake  probability  of  any  single  fault  in  the  Bay  Area,  but 

•  that  you  don't  have  to  live  near  a  fault  to  fear  a  fault. 


1992  PROCEEDINGS  OF  THE  SECOND  CONFERENCE  569 

ON  EARTHQUAKE  HAZARDS  IN  THE  EASTERN  SAN  FRANCISCO  BAY  AREA 

Hazard  Exposure 

•  that  these  approaching  earthquakes  are  likely  to  cause  ground-shaking  in  your  Bay  Area  neighborhood  that  will  be  from  5  to 

more  than  10  times  stronger,  and  last  2  times  longer,  than  the  shaking  was  on  October  17,  1989 

•  that  the  Loma  Prieta  earthquake  disaster  will  seem  relatively  minor  in  comparison  to  those  that  are  on  the  way 

•  that  your  local  officials  can  now  obtain  software  tools  (easy-to-use  programs  that  will  work  in  many  common  desktop  comput- 

ers) from  the  U.S.  Geological  Survey  and  other  local  agencies  that  will  predict  how  intense  and  how  damaging  the  shaking  will 
be  in  any  part  your  county,  your  city  or  your  school  district,  and 

•  that  these  predicted  earthquake  intensities  can  guide  your  local  government  planners  in:  zoning  your  community  to  reduce 

future  earthquake  damage,  strengthening  your  local  building  codes  to  better  regulate  development  in  high-hazard  areas,  and 
preparing  your  community's  emergency  services  to  respond  to  these  earthquake  disasters. 

Hazard  Susceptibility 

•  that  buildings  designed  and  constructed  to  older  building  codes  may  be  vulnerable  to  the  extreme  forces  that  today  we  know 

earthquakes  can  deliver 

•  that  thousands  of  older  houses  in  each  of  the  Bay  Area's  larger  historical  cities  may  be  susceptible  to  serious  damage  because 

they  lack  adequate  foundation  bolting  and  bracing,  and 

•  that  many  of  the  Bay  Area's  older  government  buildings  were  constructed  to  early  codes  that  we  now  realize  did  not  require 

adequate  resistance  to  seismic  forces,  and  so  these  buildings  may  require  retrofitting  to  prevent  life  loss  and  limit  property 
damage. 

Public  Concern 

•  that  our  regional  picture  of  earthquake  risk,  while  presenting  a  frightening  image  of  the  Bay  Area's  future,  still  is  merely  a 

sketch  —  probability  estimates,  suspected  earthquake  patterns,  hidden  faults  —  and  finer  details  are  needed  for  the  increasingly 
difficult  decisions  our  local  governments  must  make 

•  that  these  details  will  require  more  aggressive  programs  of  state  and  federal  research  focused  on  our  highly  hazardous  Bay  Area 

•  that  your  elected  decision-makers  must  remain  well-informed  about  the  state  of  earthquake  risk  in  your  community 

•  that  your  community  depends  on  its  teachers  for  delivering  the  earthquake  education  to  your  community's  decision-makers  — 

and  its  voters  —  of  tomorrow,  and  those  teachers  depend  on  your  support 

•  that  your  community's  elected  officials  are  responsible  for  ensuring  your  government  and  its  essential  facilities  will  continue  to 

function,  and  provide  emergency  and  basic  services,  in  the  aftermath  of  a  catastrophic  earthquake,  and 

•  that  to  ensure  this  future  for  your  community  requires  an  investment  in  earthquake  preparedness  that  can  only  be  borne  by  you. 


CONCLUSION 

There  is  no  end  to  a  circle,  and  no  conclusion  to  a  cycle.  It  only  starts  over  again.  The  region's  cycle  of  destructive  earth- 
quakes started  over  again  a  moment  after  the  Bay  Area's  great  earthquake  on  April  18,  1906.  Now,  86  years  into  the  current 
cycle,  we  seem  to  be  done  with  the  first  half. 

That  was  the  peaceful  half.  And  in  that  peace  our  communities  safely  sprouted,  grew,  matured,  and  sprawled  comfortably 
across  the  valley  of  the  San  Francisco  Bay  and  the  hills  to  the  east.  Now,  showing  signs  of  age,  a  sagging  foundation,  and  a 
frail  infrastructure,  our  older  cities  find  themselves  vulnerable  and  facing  a  certain  future  of  frequent  destructive  earthquakes. 
There  is  no  escape.  Our  faults  will  outlive  us.  Deep  civic  roots  have  committed  our  cities,  our  schools,  and  our  civic  leaders  to 
confronting  this  threat  head-on. 

You  now  know  the  facts.  If  there  is  a  conclusion  here,  you'll  have  to  write  your  own. 
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